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Resume 



La premiere partie de cette these etudie la formation et revolution des galaxies. Cette etude s'est 
realisee dans le cadre du releve IMAGES "Intermediate Mass Galaxy Evolution Sequences" qui a 
pour but de contraindre revolution des proprietes globales des galaxies de masses intermediares, 
de 1.5 a 15 X 10^'' Mq, de z=0.9 jusqu' a aujourd'hui. Un echantillon rcprcscntatif de galaxies 
distantes du "Chandra Deep Field South" (CDFS) a ete observe avcc Ic spectrographe integral 
de champs GIRAFFE au VLT et le spectrographe a fente F0RS2 egalement au VLT. Je suis 
responsable au sein de I'equipe IMAGES de I'exploitation des donnees F0RS2. Je presente dans 
ce manuscrit les proprietes du milieu interstellaire sur un echantillon representatif de 88 galaxies 
distantes. En comparant ces observations avcc Ics proprietes des galaxies locales, jc montre que 
les galaxies ont evolue de fagon isolees, en convertissant leur gaz en etoiles, durant les derniers 
8 milliard d'annees. Aucun apport de gaz exterieur ni d'expulsion de matiere interstellaire n'est 
necessaire pour expliquer leur evolution recente. Ces conclusions se basent sur revolution de 
la relation fondamental masse- metallicite, de la fraction de gaz, ainsi que de la non detection 
de vent stellaire intense dans les profiles des raies d'emission du gaz ionise. Parallelement 
a I'etude du milieu interstellaire, je me suis egalement interessee au contenu en etoiles des 
galaxies. J'ai developpe une methode capable d'estimer la masse stellaire de galaxies active en 
formation stellaire a partir de leur distribution spectral d'energie. Le principe de cette methode 
est de decoupler la lumiere de la galaxie selon ses differentes composantes contribuant a la 
masse stellaire: etoiles jeunes, dage intermediare et vieilles, ainsi que I'effet de la poussiere. Ce 
probleme est degenere mais I'ajout du taux de formation stellaire comme une nouvelle contrainte 
permet de lever un grand nombre dc degenerescences. 

Lors de ma these, j'ai eu I'opportunite de travailler sur un projet instrumental en phase A 
pour le Europeen Extremly Large Telescope (E-ELT): le spectrographe multi-objet OPTIMOS- 
EVE. Mon role dans le consortium OPTIMOS-EVE a ete d'implementer une methode capable 
d'extraire le bruit du cicl des donnees avec une erreur inferieure a 1% au niveau du continu 
du ciel. La methode choisie est basee sur la reconstruction des variations spatiales du del sur 
tout le champ de vue de I'instrument a partir d'un echantillonnage partiel du ciel avec des fibres 
dediees. Cette methode permet d'extraire du ciel des raies trcs faiblcs. Ainsi, unc raic d'emission 
avec un flux de IQ^^'^erg/ s/cm? sur un continu de magnitude 30 cn bandc J pcut ctre extraite 
du ciel (Mj =18) avec un signal a bruit superieur a 8 apres 40h dc temps d'exposition. 

La derniere partie de cette these est consacree a I'etude des proprietes physiques des hotes 
de Supernovae du type la (SN la). De recents modeles theoriques d'explosion de SN la montrent 
que les constantes cosmologiques derivees a partir des SN la peuvent etre affectees par des bias 
issus des proprietes intrinseques des SN la, tels que la metallicite et Page du progeniteurs lors 
de I'explosion. L'etude directe des progeniteurs de SN la n'est pas realisable actuellement, mais 
une premiere approximation de leurs caracteristiques peut etre obtenue a partir de I'etude de 
leurs galaxies botes. Nous avons initie un releve en spectroscopic integral de champ de galaxies 
locales, hotes de supernova. Je presente I'etude preliminaire d'une galaxie hote. 

Mots-cles: Galaxies distantes, Formation des galaxies. Milieu interstellaire. Population stel- 
laire, Histoire de formation stellaire, Cosmologie observationnelle. Supernova la, Extremely 
Large Telescope, Soustraction ciel 
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Abstract 



In the first part of this manuscript, I present the results on the properties of the interstellar 
medium and the stellar content of galaxies at z=0.6, from a representative sample of distant 
galaxies observed with the long slit spectrograph VLT/F0RS2. This study has been realized 
in the framework of the ESO large program IMAGES "Intermediate MAss Galaxy Evolution 
Sequences", which aims to investigate the evolution of the main global properties of galaxies 
up to z 0.9. I discuss the implications of the observed chemical enrichment of the gas on the 
scenarios of galaxy formation. I also propose a new method to estimate reliable stellar masses 
in starburst galaxies using broadband photometry and their total star-formation rate. In a 
second part, I present a new method to extract, with high accuracy, the sky in spectra acquired 
with a fiber- fed instrument. I have developed this code in the Framework of the phase A of an 
instrument proposed for the E-ELT: OPTIMOS-EVE. This is a multi-fiber, able to observe at 
optical and infrared wavelengths simultaneously. In the third part, I show preliminary results 
from the CENTRA GEPI- survey at Calar Alto Observatory to study nearby galaxies, hosts of 
type la supernovae, using integral field spectroscopy. I present the first 2D maps of the gas and 
stellar populations of SNe la hosts. The results allow us to directly access the host properties in 
the immediate vicinity of the SNe la. This is a crucial step to investigate eventual correlations 
between galaxy properties and SNe la events and evolution, leading to systematic effects on the 
derivation of the cosmological parameters. 

Keywords: Distant galaxies, Galaxy formation. Interstellar Medium, Stellar population. Star 
formation history, Stellar mass. Supernova la, Observational cosmology. Extremely Large Tele- 
scope, Sky subtraction 

Abstract 

O manuscrito esta dividido em tres partes. Na primeira parte do manuscrito, exponho os 

resultados sobre as propriedades do meio interstelar e do conteudo estelar das galaxias distantes. 
O estudo foi realizado numa amostra representativa de galaxias a z=0.6 a partir de dados 
obtidos com o espectroscopio de fenda comprida VLT/F0RS2. O estudo no quadro do programa 
observacional da ESO "Intermediate MAss Galaxy Evolution Sequences", cujo objectivo e de 
investigar a evolucao das propriedades globais das galaxias de z=0.9 ate hoje. Em particular, 
analiso as implicacoes da evolugao do conteudo qui'mico do gas nos modelos de formagao de 
galaxias. Proponho um novo metodo para estimar a massa estelar em galaxias com formagao 
intensa de estrelas a partir de fotometria de banda larga e da taxa de formago estelar. Na 
segunda parte, descrevo um novo metodo para extrair com grande precisao o sinal do seu nos 
espectros obtidos com espectrografos de fibras. Desenvolvi este codigo no quadro de uma estudo 
de fase A de um instrumento proposto para o E-ELT: OPTIMOS-EVE, um espectrografo multi- 
fibras, com a capacidade de observar varios no domino optico e infravermelho. Na ultima 
parte, descrevo resultados preliminar no estudo de galaxias proximas hospedeiras de SN la com 
objectivo de investigar possiveis sistematicos na derivagao dos parametros cosmologicos devidos 
as propriedades intrmsecas das SNe la. A equipa comego um projecto de observagao sistematica 
das galaxias hospedeiras de Sn la utilizando espectroscopia integral de campo. Estas observagoes 
permitcm, pela primeira vez, de mapear as propriedades do gas e das populagoes estelares na 
regiao onde explodiram as Sn la. 
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Glossary 



A-CDM : Cold Dark Matter cosmology 

AGN : Active Galactic Nuclei 

CDFS : Chandra Deep Field South 

CFRS : Canada France Redshift Survey 

CMB : Cosmological microwave background 

CSP : Complex Stellar Population 

DTD : Delay Time Distribution 

E-ELT : European Extremely Large Telescope 

EW : Equivalent width 

FORS2 : Focal Reducer Low Dispersion Spectrograph 
FoV : Field of view 

GLAO : Ground-Layer Adaptive Optics 

GOODS : Great Observatories Origins Deep Survey 

GRB : Gamma Ray Burst 

HST : Hubble Space Telescope 

IFS : Integral Field Spectroscopy 

IFU : Integral Field Unit 

IMAGES : Intermediate Mass Galaxy Evolution Sequences 
IMF : Initial Mass Function 
ISM : Interstellar Medium 
IR : Infrared 

K-S : Kennicutt-Scmidt law 

LINER : Low Ionization Narrow Emission Line 

LIRG : Luminous Infrared Galaxy 

LSB : Low Surface Brightness 

MW : Milky Way 

M-Z : Stellar mass metallicity relation 
Ne : electron density 

OPTIMOS-EVE : OPTIMOS Extreme Visual Explorer 
PMAS : Postdam Multi Aperture Spectrophotometer 
PC A : Principal Component Analysis 
PSF : Point 

SED : Spectral Energy Distribution 

SSP : Single Stellar Population 

SF : Star forming 

SFH : Star Formation History 

SFR : Star Formation Rate 

SN la : Supernova type la 
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Glossary 



Tf, : electron temperature 

TP-AGB : Thermally pulsing asymptotic giant branch 

ULIRG : Ultra Luminous Infrared Galaxy 

UV : Ultraviolet 

VLT : Very Large Telescope 

WD : White Dwarf 
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A fundamental problem in modern cosmology is understanding how galaxies formed. It is 
widely accepted that this happened within the framework of a Cold Dark Matter (A-CDM) 
cosmology, whose geometry has now been determined with high precision. Observations of the 
first emitted photons in the Universe, the cosmological microwave background (CMB), reveal a 
very isotropic blackbody emission. After 380 000 years, the mass density of the Universe was 
almost uniform, and galaxies are thought to result from the growth of primordial fluctuations. 
This cosmological model gives a credible explanation of the formation of structures through the 
hierarchical assembly of dark matter haloes. In contrast, little is known about the physics of 
formation and evolution of the baryonic component of gas and stars, because the conversion 
of baryons into stars is a complex and poorly understood process. There are two scenarios to 
explain the formation of galaxies from the baryonic mass trapped within dark matter halos. In 
the Monolithic or secular scenario, the first galaxies are formed from the gravitational collapse 
of baryonic matter in high density dark matter haloes. The initial size of the gas cloud, the 
different initial interactions with the neighboring structures, and the secular accretion of pristine 
gas explain the variety of morphological types in the Hubble sequence. On the contrary, in the 
Hierarchical scenario the baryonic mass collapses first in the smaller dark matter haloes and then 
grows by successive merger producing bigger galaxies. In this case, the variety of local galaxy 
morphologies is explained by the variety of merger histories. Observations and theoretical models 
converge now on a merger-driven scenario of formation of spheroids, in which elliptical galaxies 



are the result of successive fusion of disk galaxies in high density regions of the Universe (Toth 



fc Ostriker||1992 Mihos &i Hernquist||1994 ). In contrast, the formation of disks still poses major 



challenges for our current understanding of galaxy evolution. 



Scenario of local disk formation 



Disk galaxies comprise the majority of the galaxy population in the local Universe. They rep- 
resent 70% of intermediate-mass galaxies, which in turn contribute to at least two thirds of the 



present-day stellar mass (e.g Hammer et al. (2005)). Since the earliest models of disk formation 



( Eggen et al.||1962 ), mostly motivated by studies of the Milky Way, disk formation is viewed as 
a gradual process dominated by gas accretion, as opposed to the merger-dominated formation of 
early-type galaxies. Forming a disk from a collapsing gas cloud requires a relatively high angular 
momentum. In the 60s/70s, observations of the Milky Way suggested a scenario in which spiral 
disks acquired their angular momentum at an early epoch by tidal torques induced through 
interactions with neighboring structures ( Peebles|1969 White|[T984 ) . In the modern picture of a 
dark-matter dominated Universe, the angular momentum is inherited from the dark matter halo 



as the gas collapses (White & Rees 1978; Fall & Efstathiou 1980). The once-formed disk then 



grows by further accretion from the halo and other secular processes. This theory is faced with 
at least three major problems. First, this scenario has been implemented assuming that the MW 



is representative of local spiral galaxies. Unfortunately, Hammer et al. (2007) have shown that 



the Milky Way is an exceptional local spiral. The Milky Way experienced very few minor merg- 
ers and no major merger during the last 10-11 Gyrs (|Wyse||2009'; 'Gilmore||2001|). In contrast, 
M31 (Andromeda) has a very tumultuous history ( Ibata et al.||2001;,2004;^Brown et ar]|2008 ), as 
testified by the large number of stellar debris in its outskirts. Observations of galaxy outskirts at 
similar depths are in progress, and structures related to past merger events have been identified 



surrounding NGC 4013, NGC 5907, M 63 and M 81 ( Martmez-Delgado et al. 2009 Barker et al. 



2009). Second, galaxy simulations demonstrate that such disks can be frequently destroyed by 



collisions of relatively big satellites (Toth & Ostriker 1992), and such collisions might be too 



frequent for disks to survive; Third, the disks produced by cosmological simulations in such 



3 



a way are too small or have a too small angular momentum when compared to the observed 
ones, and this is so-called the angular momentum catastrophe. The monolithic model of disk 
formation is difficult to incorporate into the hierarchical model, and in contraction to a plethora 
of observations. Given the high frequency of mergers, the widely accepted assumption that a 
major merger would unavoidably lead to an elliptical may no longer be tenable: accounting for 
the large number of major mergers that have apparently occurred since z ~ 3 would imply that 



all present-day galaxies should be ellipticals. Motivated by the observational evidence, Hammer 



et al. (2005) proposed an alternative scenario for the formation of local disk, the spiral rebuilding 



scenario where disks are formed from gas-rich mergers at intermediate redshifts. 



Diagnosing the ISM and stellar content of distant galaxies 



The study of the interstellar medium (ISM) and the star formation history (SFH) are important 
tools to shed light on the processes that have led to the formation of present disks. On the 
first hand, the ISM keeps imprints of the different processes that can affect galaxies, such a the 
secular star-formation, feedback from supernova or AGN, and any kind of interaction between 
the galaxy and its environment - secular accretion of gas from cosmic filaments or interaction 
with other galaxies - see Fig. [T} On the other hand, the study of stellar populations in galaxies 
gives important clues on how galaxies have assembled their stellar mass. Many works have put 
forth evidence for the fundamental role of stellar mass in galaxy evolution. Indeed, the stellar 
mass is found to correlate with many galaxy properties, such as luminosity, gas metallicity, color 
and age of stellar populations, star-formation rate, morphology, and gas fraction, to enumerate 



a few of them (Brinchmann &: Ellis 


2000 


et al. 


2004 Bell et al. 


2007 


). During my t 



to derive properties of the ISM {Introduction, Chapter 1 ) and stellar populations {Introduction, 
Chapter 2). I dedicate the three first chapters of this report to this topic and I have focused, in 
particular, on the specific issues inherent to distant galaxy observations {Introduction, Chapter 
3). 



The central role of mergers in the formation of local disks 

Understanding the evolution of galaxies as a function of look-back time requires observing galax- 
ies at different epochs in order to constrain the evolution of theirs fundamental quantities. In 
the framework of the study of disk formation, we have carried out a large observational pro- 
gram, IMAGES, to derive the main properties of the local disk progenitors at 2 ~ 0.6. We have 
investigated the evolution of well-established scaling relations up to z=l, such as those between 
mass and gas metallicity, the Tully-Fisher relation, and galaxy morphology {Part I - Chapter 
1). Within the IMAGES team, I have been responsible for the study of integrated properties 
from integrated spectroscopy {Part I - Chapter 2,3). The central part of this report deals with 
the properties of the ISM at z=0.6 and the implications of their evolution on constraining galaxy 
evolution scenarios {Part I - Chapter 3). I have also investigated the issue of stellar mass and 
star formation history estimations in distant galaxies using integrated spectra and broad-band 
spectroscopy {Part I - Chapter 5). 



Investigating the physics of first galaxies w^ith the new generation of instruments 

The study of the evolution of galaxies at larger look-back time will require similar observations 
from large surveys of high-z galaxies. Although galaxies at higher redshift have been already 
detected, the limitation on the spatial resolution and the low signal-to-noise of the observations 
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and the strong bias on the representativeness of these galaxies prevent us from having a con- 
sistent snapshot of galaxy properties at look-back time superior to ten Gyr. During the next 
decade, such observations will be possible thanks to the advent of a new generation of instru- 
ments, such as the European- Extremely Large Telescope (E-ELT). In this framework, I had the 
opportunity of working on the phase-A of OPTIMOS-EVE a fiber-fed visible to near infrared 
multi-object spectrograph designed for the E-ELT instrument {Part III - Chapter 1). My work 
in the OPTIMOS-EVE consortium was to define a strategy to resolve the critical issue of sky 
subtraction for faint object spectroscopy in fiber-fed instruments {Part III - Chapter 2). 

Evaluation of the systematics from host galaxies in cosmology with SN la 

In parallel to the topic of the study of distant galaxies, I have applied the method described in 
Introduction part - Chapter 1&2 to the study of the properties of SN la hosts. During the last 
decade, SNe la were used as cosmological standard candles. The observations of SNe la led to 
the discovery of the accelerating expansion of the Universe and dark energy. They are now key 
tools in the future cosmology experiments to unveil the nature of dark energy. However, subtle 
systematic uncertainties stemming from our limited physical knowledge of SNe la progenitor 
stars are currently the major obstacles to fully exploit the potential of SNe la in cosmology. One 
approach to get new insight into the properties of SN la progenitors is to focus on their host 
galaxies. 3D spectroscopy allows us to map the physical properties of their hosts. By analyzing in 
detail the spatial distribution of the kinematics, metallicity, extinction, star formation, electron 
density, as well as the way they are inter-related, the physical and chemical properties of the 
gaseous phase in these galaxies can be deduced, and constrains on SN la progenitors established 
{Part II - Chapter i). In collaboration between GEPI-Observatoire de Paris and the CENTRA- 
Institute Superior Tecnico of Lisbon -Portugal, I have started a project to study SNe la host 
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galaxies in the local Universe. We have observed a sample of nearby SNe la hosts with the wide- 
field PMAS Integral Field Unit to derive the properties of the gas and the stellar populations 
in the immediate vicinity of the SN. I present here the preliminary results from a pilot study 
carried out in November 2009 at Calar Alto Observatory {Part II - Chapter 2). 
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The ISM and stellar population 
properties from integrated 
spectroscopy 

"Ce ne sont pas seulement des lignes pour moi, 
chaque nouveau spectre ouvre la porte sur un nouveau monde merveilleux. 
C'est presque comme si les etoiles lointaines avaient acquis le don de parler 
et etaient capable de raconter leurs conditions physiques et leur constitution" 

by Annie Jump Cannon 
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How to derive the properties of the 
interstellar medium? 
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The emission spectra of star-forming galaxies are dominated by the radiation of the ionized 
gas emitted in HII regions (Section |1-1[ )- The study of the emission spectra emitted by all the 
HII regions of a galaxy allows us to characterize the gas of a region with active star-formation: 
temperature and density (section |1.5[ ) , amount of dust (sectior (L2| ) and the relative abundance 
of chemical elements (Section |1.6[ ). Even if stellar radiation is the main source of gas ionization, 
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it is not the only one. Photoionization by active galactic nuclei and ionization produced by 
radiative shocks in violent star-forming episodes can contribute a large fraction of the observed 
emission spectrum. These two sources cannot be neglected when characterizing the properties 
of the ISM (Section [131). 

I have used the diagnostic described in this chapter to characterize the activity of distant 
galaxies observed with long-slit spectroscopy (Part I, VLT/F0RS2) and integral field spec- 
troscopy observations of local SNe la hosts (Part II, Calar Alto/PPAK). 



1.1 Radiation mechanisms in HII regions 

This section briefly describes the physical processes that lead to the characteristic visible HII 
spectrum. For more details on the radiation mechanism, the reader can consult textbooks such 



as ^^Astrophysics of Gaseous Nebulae and Active Galactic NucleV by Osterbrock (1989) and "T/ie 



Physics and Ghemistry of the Interstellar Medium"^ by Tielens (2005). 

HII regions are induced by massive stars, type O and B, located in their nebulae cocoon. 
Due to their very high surface temperature, T* > 3 x 10'^ if, massive stars emit a very energetic 
radiation, mainly in the ultraviolet domain. This energy is transferred to the surrounding gas 
via photoionisation. The photons with energy higher than the hydrogen potential (E> 13.6 eV) 
ionize hydrogen atoms and other elements present in the interstellar medium, such as oxygen, 
nitrogen and carbon. The collisions between free electrons, electrons &: ions distribute the 
residual energy and heat the gas up to T ~ lOOOO-fT following a Maxwell-Boltzmann velocity 
distribution. These collisions excite the ions which decay producing recombination lines. The free 
electrons eventually recombine with ions. The excited atom created in the recombination process 
quickly cascades to the ground state emitting several low-energy photons through radiative 
transition processes. The HII region fluoresces by converting the stellar ultraviolet light to 
lower-energy photons, with the bulk of radiation escaping through the Hydrogen recombination 
lines (e.g. the visible Balmer lines i/aA6563A, iJ^A4861A, i?7A434lA). 

The elements heavier than hydrogen such as Helium, Neon, Oxygen and Nitrogen are also 
ionized. However, due to the low density of the interstellar medium, these elements emit in 
majority forbidden lines (e.g. [OII]A3727A, [OIII]A5007A , [NII]A6583A ). Indeed, the collision 
between electrons and ions excite low energy levels. As the ISM has a low density (A'^e < 10^ cm^), 
de-excitation by collision is improbable and de-excitation by radiative transfer of transitions with 
low transition probability become possible. 

A typical optical spectrum of an HII region is composed by the series of hydrogen recombi- 
nation emission lines and forbidden lines of metals with several degrees of ionization, as shown 



in Fig. |1.1| ( ]Magrini et al. 2005 ) . The intensity of emission lines is ruled by the atomic physics 



and the conditions of the gas: degree of ionization, the shape of the ionizing radiation and 
the relative abundance of the metals. I will describe in detail the different diagnostics and the 
related physics in the next sections. 



1.2 Extinction 

The extinction is a key parameter in the study of the ISM. The dust causing the extinction 
accounts for 1% of the total mass of the ISM matter. Dust grains are composed of heavy 
elements formed during the chemical evolution of galaxies and it is thus an important parameter 
to study the mechanisms occurring in galaxy evolution. Secondly, dust is the main source of 
opacity in the ISM and drives the spectral energy distribution of the ISM. Before deriving any 
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Figure 1.1: VLT spectrum of an HII regions in Sextans B. The typical lines of HII regions are 
detected : the Balmer serie and [Oil] , [OIII], [Nil], [SII] forbidden lines. 



physical quantity from the emission lines, it is necessary to evaluate the amount of extinction 
due to dust. For details on dust properties, composition and cycle, the reader is refered to 
^^Astrophysics of Gaseous Nebulae and Active Galactic Nuclei''^ by Osterbrock (1989) and "T/ie 



Physics and Chemistry of the Interstellar Medium" by Tielens (2005), Draine 



(2003), Mathis 



(1990), Kruegel (2003) "The Physics of Interstellar Dust". 



1.2.1 The dust 

Dust absorbs and scatters part of the light emitted by the astrophysical objects. At a given 
wavelength, the light coming from an emitting source is dimmed when crossing the interstellar 
dust: 

h = hoe-^' (1.1) 

where Ixq is the intensity of the light emitted and tx is the optical depth at a given wavelength. 
The absorption depends on the wavelength: at a given dust and gas column, more light is 
scattered in the blue than in the red. This phenomenon, called interstellar reddening, is due to 
the physical properties of the dust, mainly the dust grain dimension. In a first approximation, 
we can consider that the properties of the dust are homogeneous in all regions of the ISM. The 
optical depth can thus be decomposed into two components: 



rx = cf{X) 



(1.2) 



where c is the amount of extinction, or excess of color E(B-V) defined as the difference of total 
extinction in B and V bands A{B) — A{V), and /(A) is a standard extinction law. The extinction 
law is not universal. It depends on the dust physical conditions in the observed region. However, 



Mathis (1990) has shown that it can be parametrized by a total-to-selective ratio Ry, over 0.1- 



2/xm, see illustration of the parametrization in Fig 1.2 Rv depends on the environment traversed 
by the line-of-sight ( Cardelli et al.|[T989 ). The standard value in the Milky way is -Ry=3.1 while 
in dense clouds Ry have higher values. The extinction can thus be expressed as a function of 
the color excess E(B-V) and the total-to-selective ratio Ry: 



Ay 



E{B -V)xRy 
L47 



(1.3) 



In the case of extragalactic objects, two extinction sources have to be considered. The 
intrinsic extinction from the extragalactic object and the extinction of the Milky Way on the 
line-of-sight. The later source of extinction is easily corrected using maps of galactic dust from 
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Figure 1.2: Interstellar extinction curves of the Milky Way 3.1, 4.4), SMC, and LMC. In the 

Milky Way, the standard value for the diffuse ISM is i?v'=3.1 while dense clouds, such as Orion nebulae, 
have higher values (i?y= 4.4). Both Magellanic clouds have lower values of Ry because their ISM are 
diffuse and have low metallicity (Pak et ar]|1998|. 



Schlegel et al. (1998) and a galactic extinction law (Fitzpatrick 1999). Nevertheless, distant 



galaxies are usually observed in cosmological fields located in regions of the sky almost devoid 
of galactic dust along the line-of-sight and it is therefore useless to apply such a correction. 



1.2.2 Balmer decrement 

The determination of the intrinsic extinction of a galaxy can be performed using the method 
called Balmer decrement. This method is based on the assumption that the ratio of Balmer lines, 



emitted during recombination processes, depends only and weakly on temperature ( Osterbrock 



1989). In the idealized Case B recombination, the HII regions are considered to be optically thick 



media in which all the Lyman photons are reabsorbed by hydrogen atoms and then reemitted 
as photons of the Balmer series. Given this assumption, the population of the exited levels of 
hydrogen depends weakly on the electron density and electron temperature. The ratios of Balmer 
lines are thus defined by the laws of atomic physic, see Table 1.2.2, Knowing the theoretical 



ratio between two Balmer lines it is possible to infer the extinction comparing it to the observed 
ratio of the two lines. 

/(Al) _ ^0(Al)^Q_c[/(Ai)-/(A2)] 



/(A2) /o(A2) 



The color excess is thus given by : 



c = — 



[/(Al 



/ Robs \ 

/(A2)] \RintrJ 



:i.4) 



:i.5) 
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where Robs and Rintr are respectively the observed and the theoretic ratio of hnes. The emission 
hnes can now be corrected for the extinction using the following equation: 



(1.6) 



where A is the wavelength, /(A) is the observed flux of the line to be corrected and /(A) is the 
value of the extinction law at A. 



Lines 




f{h) - fp 


Ha 


2.87 


-0.35 


Hj 


0.466 


0.15 



Table 1.1: Balmer-line intensity relative to Hp in the case of He I recombination line Case B, T=10 OOOK 
and the standard interstellar extinction curve, from Osterbrock ( 1989 ) 



1.3 Contamination by active galactic nuclei radiation 

In star-forming galaxies the bulk of the ionizing radiation is dominated by young massive stars 
located in HII regions. However, some galaxies can host active galactic nuclei and thus produce 
large amounts of ionizing radiation. A large number of the equations to determine physical 
quantities, for example the strong line diagnostic for metallicity, are based on the assumption 
that the emission lines arise only from the ionization of the ISM by massive stars. It is thus 
important to detect the galaxies that can be contaminated by AGN emission before deriving 
metallicities, electron temperature or densities. The fraction of AGN is not negligible : 27% 
of local galaxies host AGN (Goulding &; Alexanderll2009 ) and the fraction increases in distant 



galaxies with a peak at z=2-3 ( Groom et al.||2004j |Warren et al.||l994 Fan et al. 2001). 



Active galactic nuclei galaxies host in their center an active black hole, surrounded by an 
accretion disk in rapid rotation. The matter is intensely heated in the accretion disk and emit 
an ionizing radiation which photo-ionizes dense fast moving clouds located at proximity to the 
nuclei (the broad line region). More diffuse and slower- moving clouds located at larger radii 
are also ionized (narrow line region). AGN are classified into three categories which depend on 
the line-of-sight from which the nuclei is observed and the activity of the central black hole, see 



Figure 1.3 



Seyfert I: The central region is visible and the spectra is composed by large recombination 
lines emitted by the broad line clouds and narrow lines from the narrow line region, see 



Fig 1.3 Only the recombination lines have broad emission because the broad line region 
doesn't emit auroral lines, as [Oil] or [OIII]. The medium of broad line clouds is to dense 
and thus too collisional to allow the emission of forbidden lines. The presence of multiple 
ionized species as NV, OVI in their spectra reveals the high energy of the ionization source 
that is incompatible with the energy produced by stellar radiation. 

Seyfert II: The disk masks the central region and absorbs the lines arising from the broad line 
region. The spectrum is probably composed by a combination of gas glowing in response to 
the active nucleus and material ionized by massive stars nearby (narrow line region). The 
ratio of the strength of lines shows that the ionizing radiation has characteristic electron 
temperature superior by few hundreds degrees relatively to typical HII region temperature. 
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Figure 1.3: Schematic view of an AGN. Active galactic nuclei galaxies host in their center an active 
black hole, surrounded by an accretion disk in rapid rotation. The matter is intensely heated in the 
accretion disk and emits an ionizing radiation which photo-ionizes dense fast moving clouds located at 
proximity to the nuclei (the broad line region). AGN can be Seyfert I or II depending on the line-of-sight 
from which the nuclei is observed. Seyfert I are AGN saw within a small inclined angle while Seyfert II 
are seen within a quasi edge-on line-of-sight. 



Liners: Stands for "Low Ionization Narrow Emission Line" galaxy. The collisional lines are 
very intense, but the hydrogen recombination lines are abnormally faint. The LINERs 
galaxies have a low degree of ionization. The mechanism producing the observed ratio of 
line strength is still open to debate. There are three scenarios: (l)Low luminosity AGN, 
powered by accretion (possibly in a radiatively inefficient regime) onto a super-massive 
black hole; (2) Radiative shock waves; (3) Radiation emitted by old stellar population 



(Stasinska et al. 2008). 



Seyfert 1 are easily discarded from star-formation dominated galaxies due to their charac- 



teristic broad Balmer lines, see Fig, 1.4 Seyfert 2 and LINERs are isolated from star- formation 
using diagnostic diagrams based on emission lines ratios. 



1.3.1 The BPT diagnostic diagram 

This diagnostic diagram has been created in a epoch where X-ray observations were not available. 
It is based on the fact that collisionally excited lines -e.g [Nil]- are brighter in nebulae excited 



by AGN radiation (higher electron temperature) than in HII regions. The Baldwin et al. (1981) 



BPT diagram is d efined as the line ratio of [QIIIJAA4959, 5007/iJ/3 vs. [NII]A6584/ii'/3 and has 
been widely used ( Veilleux fc: Osterbrock|[l987 Kauffmann et alT]|2003a ). Galaxies falls into two 
well-defined branches, see Fig. |1.5[ a left branch, which is populated by star-forming galaxies 
and a right branch attributed to AGN dominated galaxies (with high [A^//]A6584/i?/3). Several 
authors have given observational and/or theoretical delimitation lines to classify the galaxies in 



the BPT diagram. More used ones are those proposed by Kauffmann et al. (2003a) based on 



distribution of SDSS galaxies and those of Kewley et al. (2006b) derived from photo- ionization 
modes. It is important to notice, that Stasinska et al. (2008) have recently suggested that part 
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Figure 1.4: Spectra of a Seyfert 1 galaxy from the IMAGES sample, J033208.66-274734.4. Inset zoom 
of the region iJ/3-[0III] in the Seyfert I galaxy J033230.22-274504.6. The broad emission in Balmer 
recombination lines are visible in both spectra. 



of the galaxies classified as AGN according to the Kauffmann et al. (2003a) delimitation can be 



highly contaminated by galaxies without any AGN source which mimic the LINER emission. 
Based on stellar population analysis and photoionisation models, they have demonstrated that a 
large fraction of the systems in the right branch could be galaxies which stopped forming stars, 
but where the ionizing radiation could be produced by hot post-AGB stars and dwarf. 



1.3.2 Other diagnostics 

The BPT diagram is well-suited for local galaxies studies, however at higher redshift the Ha 
and [Nil] lines are reshifted to the near-infrared and therefore are difficult to observe. The 
diagnostic diagram based on [Oll]X3727 / H /3 vs [OIII]AA4959, 5007/i//3 ratio is more adapted to 
redshifted galaxies. The limitation between Star-formation/Seyfert/LINER can be empirically 
calibrated from observations or from photoionization models. For instance, the delimitation 



between SF and AGN in the [OU]/H^ vs [Om]/Ha diagram of Fig (Part II) is the limit ratio 
predicted by photoionization models for the maximal stellar temperature of 60 000K, which is 
the maximum temperature for the most massive stars. The main disadvantage of this diagnostic 
is its sensitivity to the extinction which affects the ratio [Oil]/ Hf3. It is mandatory to correct 
the flux of emission lines from dust for this diagnostic due to the presence of the [0II]/HI3 ratio. 

The delimitation between AGN and star-forming galaxies are fuzzy which make the exclusion 
from SF sample of galaxies falling near the limit lines difficult. Other hints can be investigated 
for these near-limit objects, as the detection of radio or X-ray emission. In fact, the flow of 
the hot ionized gas in the accretion disk creates an intense magnetic field which can be strong 
enough to originate two jets of relativistic plasma. The charged particles are accelerated by the 
jets and emit a synchrotron radiation and infrared light. The X-ray emission originates in the 
inner part of the nucleus and/or in the jets. The presence of lines associated with shock process 
- as the NeIIIA3868 and OIA6300 line - and lines from high ionized species are also a good hint 
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Figure 1.5: BPT diagram for tlic SDSS galaxies ( Kauffmann et al.||2003a ). The black symbols are star- 
forming galaxies. The red symbols are AGN hosts according to the theoretical delimitation of |Kewle"y| 



et al. (2001 ). It corresponds to the theoretical limit of the two ratios of lines when assuming only stellar 



photo-ionizing radiation. The blue dots, between the theoretical limit of AGN and the empirical limit of 
star- forming galaxies ( Kauffmann et ar]|2003a ) are composite SF-AGN galaxies. This category includes 
real AGN hosts and a fraction of no-AGN galaxies whose old stellar population mimic the line ratios 



produced by AGN radiation Stasinska et al. ( 2008 ) 



for AGN contamination. 



1.4 Shocks and gas fall 



Radiative shocks are produced by gas infall ( |Cox fc Smith 1976) and by gas outflow from 



AGN feedback or violent star formation (supernovae explosion). The interstellar medium is 
also affected by other source of shocks as the jets and winds associated with stellar objects. 
But the contribution of these sources are faint and they are not expected to be detectable in 
integrated spectra where an overwhelming fraction of the light comes from the stellar photo- 
ionizing radiation. 

Shocks compress the medium, increasing the electron density, and thus raise coUisional 
de-excitation transitions. These processes enhance low excitation levels such as [OIJA6300A 
[OIIJA3727A , NI A5200A relatively to hydrogen recombination lines. The ratio between the low 
excited transition lines and Balmer recombination lines can be used as a diagnostic to discrimi- 
nate between shocked and photo-ionized gas as illustrated in Figure [LB) Some shocks can heat 



the gas to very high temperature 10'^ — 5.10^K and produce the highly ionized ions (Tielens 



2005). The presence of energetic shocks can thus be inferred from the detection of emission lines 



such as Hel and Nelll. 
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Figure 1.6: The [0II]/i?/3 and [0I]/iJ/3 diagnostic diagram to disentangle between shocked and photo- 



ionized gas, from Fesen et al. (1985). 



Another way to detect gas flow is by comparing the velocity between the emission and 
absorption hnes ( ionized gas vs. stellar component). The velocity difference gives a good 
approximation of outflow velocity. It is the case for example of M82, where the gas is expelled 
perpendicularly to the main axis. 

Emission line proflles could also be used to detect gas in-out-fall. Figure 3.4 shows a 
[OIIIJA5007A line with a non Gaussian proflle which can be due to feedback processes. The line 
can be fltted by a two Gaussian profile: the first Gaussian profile arises from the bulk of the 
emission region and it has the same dispersion than the other recombination lines. The second 
Gaussian function has lower flux and larger velocity dispersion. The center of the line is shifted 
to lower velocity in this case. This component may arise from gas expelled toward our direc- 
tion. However, gas outflow are not the only process leading to non Gaussian profile. Indeed, in 
integrated spectroscopy a line is compounded by the mix of lines arising from different regions 
of the galaxy which can have different velocities and brightnesses due, for example, to mergers 
or interactions. 



1.5 Electron density and temperature 

The physical state of HII regions can be defined by three observable properties: the electron 
density N^, the electron temperature Tg and the ion abundances. These three parameters drive 
the characteristics of the emission spectrum of HII regions. They can be estimated using lines 
ratios and equations which combine empirical relations and atomic physics. The diagnostic 
presented below have been designed for HII region studies. These results have to be interpreted 
carefully. In integrated spectroscopy of distant galaxies, the emission spectrum arises from 
several hundreds of HII regions having different physical states. The and Tg derived are not 
the average values among all HII regions of a galaxy. The estimation is biased by the brightest HII 
regions of the galaxy. However, these observables can give some interesting clues on the physical 
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processes taking place in galaxies. For example, in Puech et al. ( |2006 ) the authors have studied 



the distribution of the N^. in distant galaxies using VLT/GIRAFFE observations. Combining 
the A^e maps with high spatial resolution images from HST/ACS, they have identified two 
mechanisms that can locally increase the Nf,: (1) intense star- formation episodes in high density 
clouds; (2) presence of gas inflow/outflow events that produce collisions between molecular clouds 
of the ISM and the infall/outfall gas. 

1.5.1 Electron temperature 

The electron temperature does not give fundamental information about the physical mechanisms 
occurring in galaxies, but it is a key variable for deriving the exact values of physical properties 



such as the abundance of species in the ISM. According to Osterbrock (1989), the typical value 
for the electron temperature of an HIT region with near solar abundance is ~10 000K. This 
value is a good approximation and can be assumed when calculating extinction with the Balmer 
decrement method or electron density. 

For more Te-dependent parameters, like the abundance of ions, a more accurate calculation 
of the temperature is required. Tg can be determined from the ratio of emission lines from 
sequential stages of ionization of a single element. At visible wavelengths the ions having such 
configuration are [O III] AA4959, 5007/A4363A and [N II] AA6548, 6583/A5755A. The energy- 
level diagrams of these two ions are shown in figure |1.10[ The temperature is then calculated 
using the stsdas/temdem IRAF task by giving a Nf. and the fiux ratio. It is possible to use other 



ions as temperature diagnostic, like [Oil] and [SII], see table 1.2 When comparing temperature 
from different diagnostics, it is important to take into account that the various ionic emissions 
are not produced in the same regions of the nebulae. The HII regions have an "onions skin" 
structure where the ionization drops off radially from the center to the outer regions. The 
electronic and temperature density follow this structures. Low-ionization species, like 0^,5+, 
O"*" are produced in the outer and colder regions of the nebulae while higher-ionization species. 



are produced in inner and hotter regions, see FiglLTl Nevertheless, highly-ionized 
species can be found in outer regions of nebulae. Indeed, at high distance from the nebulae 
center, electron temperature increases due to the very low Ng, of the ISM. 



Ion 


Spectrum 


Line-Ratio A 


Zone 




[01] 


AA6300,6363/A5577 


Low 


s+ 


[SII] 


AA6716, 6731/AA4068, 4076 


Low 


0+ 


[Oil] 


AA3726, 3729/AA7320, 7330 


Low 


N+ 


[Nil] 


AA6548,6583/A,5755 


Low 


0+2 


[OIII] 


AA4959,5007/A4363 


Med 



Table 1.2: electron teraperature diagnostic from Shaw & Dufour 1994. 

In the case of distant or faint objects, the determination of Tg becomes almost impossible 
because auroral lines, such as [OIII]A4363A or [NII]A5755A, are too faint. 

1.5.2 Electron density 

The density can be estimated from two transitions arising from two levels in a same term (almost 
the same energy level) but with different radiative transition probabilities. The ratio of these 
levels depends mainly on the electron density, via the collisional de-excitation term, and in a 
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Figure 1.7: Relative ionization fractions for emission lines produced by Mappings III, plotted as a 
function of relative distance from the inner surface of the nebula. The emission features shown here are 
[Nil] (dashed green line), [Oil] (dashed red line), [OIII] (dash-dotted red line), [SII] (dashed blue line), 



and [SIII] (dash-dotted blue line). From Levesque et al. (2010) 



second order on Tg. There are several ions in the optical region which have this kind of structure. 
The most used are [SII]A6716/6731A, [OII]A3726, 3729A and [NI]A5200/5198A. The energy-level 
diagram of [Oil] and [SII] are shown in Fig. 1.8 Other ions can be used as Ne diagnostic, e.g. 
[CI III], [Ar IV], C III] and [Ne IV] but contrarily to the previous ions whose lines are produced 
in the inner part of the nebulae, these diagnostic ratios trace the temperature of the outer parts 
of HII regions. The densities calculated from two diagnostic line ratios formed in different places 
of the nebulae can give different values. 



At low redshift, the ratio [SII] is usually used because it is easily detected in the red part of 
the visible spectra. At higher redshift, the [SII] falls in the near infrared and the [Oil] diagnostic 
is commonly used. The [Oil] ratio has the advantage to be formed by two intense lines in star- 
forming galaxy spectra and to fall in the visible domain for redshifts between 0.4 < z < 1.0. 
However, the lines of the [Oil] doublet are very close and high spectral resolution observations 
are required to resolve the two lines, see Fig. 



1.9 



The simplest way to estimate the line ratio is measuring the lines fluxes by fitting the two 
lines of the doublet with a double gaussian profile. A separation between the two gaussians of 
2.783 and equal dispersion values (fii = 02) are assumed for the [Oil] doublet, see Puech et al 



(2006). The A'^e can then be computed from the measured doublet ratio using the n- levels atom 



calculations of the stsdas/ Temdem IRAF task (Shaw & Dufour 1994). The task computes A'^e 
given Tg and the ratio of a line doublet. The determination of N^. have three main sources of 
error: the error on the measurement of the ratio; the saturation of the ratio as a function of 
A^e at low densities (A^e < 10 cm"'^), as illustrated in Fig 1.9 and the dust extinction which can 
hide a local density peak. 
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Figure 1.8: Energy-level diagrams of the 2p^ ground configuration of [Oil] and 3p'^ ground configuration 
of [SII], from lOsterbrockl (|T989 ) . 
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Figure 1.9: |Puech et aL] ( [2006| have derived A^e maps for 6 IMAGES galaxies using GIRAFFE 
(R=10 000). 
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1.6 Metallicity 



1.6.1 Direct method 



Many light elements are observable in the optical spectra of galaxies, including H, He, N, O 
and Ne. The ionic abundance can be determined from the ratio of ionic lines to a hydrogen 
recombination line. The abundance of Oxygen relative to Hydrogen, defined by log(0/H), is 
usually taken to measure the metallicity in the galaxy gas. Oxygen represents about half of the 
metals of the ISM and have the advantage to emit very intense lines at visible wavelengths. 

The best method to derive the metallicity is the Te- directed method, in which the abundance 
is directly inferred from the electron temperature (Osterbrock 1989). The temperature can be 



calculated from many line ratios as illustrated in table |1.2[ The most commonly used one is 
the [O HI] AA4959, 5007/A4363A ratio. The intensity of [O HI] AA4959, 5007 decreases with Te 
while the A4363A line arising from a higher energy level increases (see the energy-level diagram 



of [OIII] in Fig, 1.10). This diagnostic allows us to calculate the abundance of the O"*""*" ion and 



[O III] 



X4363 



XS0Q7 



X2321 



M9S9 




[Nil] 



X6583 



\3063 
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_ 2 
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Figure 1.10: Energy-level diagrams of the 2p^ ground configuration of [OIII] and [Nil], from Osterbrock 
(19891. The strength of the A4363Aline is proportional to the population of the ^5*0 level which is 



proportional to the electron temperature. Therefore the ratio [O III] AA4959, 5007/A4363A decreases 
with increasing T^. 



then to infer the 0/H metallicities after correcting for unseen stages of ionization (Pagel et al 



1992: Garnett [1992 Skillman &; Kennicutt 1993). The final 0/H ratio involves the assumption 



that: 



O 
H 



91 

H 



+ 



0^ 



H 



(1.7) 



The Te and derived abundance can be calculated using the stsdas/temdem IRAF task. Unfor- 
tunately, it is not possible to apply this diagnostic in all the metallicity range. Indeed, at high 
metallicities the collisional lines of metals cool the gas in the far infrared and induce a decrease 
of the A4363A line that becomes immeasurably weak. Other ratios of lines can be used t o mea- 
sure Tf> in metal rich galaxies such as the [OH] AA3726, 3729 — AA7320, 7330A ratio. In Liang 



et al. (2007), we have successfully measured direct temperature using this ratio in a sample of 



metal-rich galaxies from the SDSS, see paper in annex. 
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1.6.2 Strong line method 

In the majority of cases, the metaUicity cannot be measured from the direct method in galaxies 
because the auroral lines, such as [OIIIJA4363A and [NII]A5755A, are too faint. To overcome 
this difficulty, calibrations between ratios of strong emission lines and the metallicity have been 
implemented. There is a large number of strong-line parameters in the literature and the selection 
of the "best" strong-line method is still in debate in the community. All parameters have their 
advantages and drawbacks: dependence on other variables such as the ionization parameter, the 
spectral window of the required lines, the use of 'not so strong' lines as Ar^^O^ and Ne^02 lines. 



i?23 parameter 



The most commonly used strong-line ratio, is the i223 defined by Pagel et al. ( 1979 ) as: 



R 



23 



[0//]A3727 + [0///]AA4959, 5007 
HJ3 ■ 



Extensive studies have been performed to calibrate the i?23 parameter to the gas metallicity. The 
calibrations have been derived using two independent approaches: an empirical method based 
on the comparison of the values of i?23 (or another metallicity parameter) to the metallicity 



inferred by the Tg-direct method (Kobulnicky &: Zaritsky 1999 Pilyugin 2001 Pettini &; Pagel 
2004 ; Nagao et al."2006' i Liang et al.|| 2006b') and a theoretical method based on photo- ionization 
models ( |McGaugh ^1994; Tremonti et al.,,2004| ) also the review from Kewley & Dopita (2002). 
The theoretical ratio of the lines at a given metallicity is calculated by photoionization models 
such as MAPPINGS ( [Sutherland fc Dopita|199"3| [Groves et al.|2004[ ) or CLOUDY ( [Ferland et ah 
1998). The choice of the calibration is crucial and depends on the scientific goals and the physical 



properties of the galaxies studied. Indeed, abundances determined by different indicators give 
substantial biases and discrepancies. For example, the difference between calibrations based on 



electron temperature and photo-ionization model can reach 0.5 dex (Liang et al. 2007; Rupke 



et al. 2008; Kewley &: Ellison 2008). I will discuss in detail these issues in the next subsection. 



Several authors have pointed out that the i?23 parameter is not an ideal metallicity diagnostic. 
Indeed, the parameter is affected by three strong drawbacks. Firstly, i?23 is double valued with 



12 + log{0 / H) (Figure 1.11). At low metallicity R23, scales with metal abundance, but at higher 
metallicity (12 -|- log{0/H) ~ 8.3) gas cooling occurs through metallic lines and R23 decreases. 
However, the degeneracy can be easily broken. The solution branch of the R23 vs log(0/H) can 
be determined by measuring an initial guess of the metallicity with another line ratio diagnostic, 
such as: 



The 03A^2 ratio defined as [OIII]A5007/[NII]A6584 by Alloin et al. (1979); 



The iV2 ratio: [NII]A6584/i?a by Storchi-Bergmann et al. (1994); 



The N2O2 ratio: [NII]A6584/[OII]A3727 Dopita et al. (2000); 



The O3O2 ratio: [QIII]A5007/[OII]A3727 [Nagao et al.[ ( (2006 ). 



The majority of the diagnostics use the [NII]A6584 line, which has the problem of being very 
faint in metal poor galaxies and to rapidly fall outside the visible spectral band in high-z galaxy 



observations. Nagao et al. (2006) have suggested to use the O3O2 to break the degeneracy of 



the i?23 parameter when the N2 diagnostic cannot be used. 
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The second drawback of using the R23 parameter is its dependence on the ionization param- 
eteiQ Figure |l • 1 1 1 ihustrates the dependence of the R23 parameter on the metalhcity and on the 



ionization parameter. The effect is only substantial in the low metallicity regime log(0/H)<8.5. 



Moreover, McGaugh (1994) and later Pilyugin (2001) have refined the calibrations to account 



for the ionization parameter. 

The last but not least inconvenient of the R23 parameter is its sensitivity to dust. Due to the 
large wavelength separation between the [Oil] and [OIII] lines, the effect of dust is far from being 
negligible. The use of this parameter for measuring the metallicity requires a good estimation 
of the dust extinction. 
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Figure 1.11: Left: The R23 diagnostic for abundance versus metallicity from the photo-ionization model 
MAPPINGS. Curves for each ionization parameter between q = 5 x 10^ to 3 x 10* cm/s are shown. The 
i?23 is strongly affected by the ionization parameter in the low metallicity regime. Right: The N2O2 
diagnostic for abundance versus metallicity from the photo-ionization model MAPPINGS. Curves are 
the same that in the left panel. The N2O2 varies monotonically with metallicity and it is thus an ideal 
diagnostic for metallicity or to select the valid branch in the i?23 calibration. However it can be affected 
by the extinction and it is difficult to measure in high-z galaxies because the [N11JA6584 line falls outside 



the spectral band. From Kewley & Dopita (20021 



N2 parameter 



The ratio have been intensively used in the literature as a metallicity estimator in high redshift 
studies, l<z<3 ( [Shapley et al.|2004[[2005||Erb et al.|2006at|Yin et al.|2007| ). This parameter has 
the advantage to link two lines closely spaced in wavelength. Ha and [NII]A6584A, hence it is 
not affected by extinction. It can be observed in small spectral windows such as the atmospheric 
bands in the near infrared. 

is not a direct estimator of the oxygen abundance since oxygen lines are not used in the 
method. The ratio is affected by the oxygen abundance by two factors. Firstly, N2 depends 



mainly on the ionization parameter. Dopita et al. (2006) have shown that the ionization pa- 



rameter diminishes while metallicity increases and thus that it is indirectly correlated to the 

^The ionization parameter, U , is the maximum velocity of an ionization front that can be driven by the local 
radiation field. 
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metallicity. Secondly, the N/0 ratio depends directly on the 0/H abundance at high metal- 



licities (log(0/H)+12~8.3) when the secondary production of nitrogen is effective (Kewley & 



Dopita 2002 [Liang et al. |2006b ). However, the correlation 0/H vs N/0 suffers from large 
scatter due to the variety of star formation history in galaxies. Indeed, as nitrogen is mainly 
synthesized in intermediate mass stars, its abundance is very sensitive to the star-formation 
history. The fact that the ratio is an indirect measurement of the oxygen abundance and its 
dependence on star formation history have led some authors to claim that this diagnostic is not 



a reliable metallicity estimator (Liang et al. 2006b Nagao et al. 2006 Kewley & Dopita 2002 



Stasihska 2005 , 2007). However, it is perfectly suited as a first guess metallicity for selecting the 



branch of the i?23 diagnostic to be used. 



Remarks on the use of strong-line calibration 

The strong-line methods are based on a statistical approach. They are reliable metallicity 
estimators only if the calibration sample has the same properties than the object to study. From 
the SDSS data, metallicity calibrations based on the integrated light of star-forming galaxies 



have been implemented (Nagao et al. 2006; Liang et al. 2006b: Yin et al. 2007) and can thus 



be applied to other extragalactic samples. However, these conversions may not be valid for 



high-z galaxies. Shapley et al. (2005) and later Liu et al. (2008) have found evidence that HH 



regions in z > 1 galaxies have different physical properties than their local counterparts: harder 
ionizing spectrum, higher ionization parameter, and can be more affected by shocks and AGN. 
Such differences can be explained by the fact that high-z galaxies have smaller sizes and higher 
star formation rates than local galaxies. In such a case the metallicity calibrations based on 
local samples are not reliable any more and thus neither is the conversion between calibrations. 
Applying them to high-z studies induce biases on the metallicity estimations. Unfortunately, 
there are no high-z sample with high S/N spectra and multiple spectral features large enough 
to calibrate the high-z sample. Liu et al.l (2008) have suggested that at z~l the metallicities 



of galaxies are overestimated by ~0.16dex. The best tools to probe if a galaxy has different 
HH region physical conditions than those of the calibration sample are the diagnostic diagrams 



described in section 1.3 Indeed, different locations in the diagnostic diagram reveal differences 



in the ionization parameter or hardness of the ionizing radiation (Hammer et al. 1997 Tresse 



et al. 1996). Liu et al. (2008) have found that z ~ 1 galaxies are offset from the local star- 



forming galaxies in the log([OII]] A3727/H/3) vs log([OIII] AA4959, 5007/H/3 diagram. They lie 
in the upper part of the star-forming wing, revealing their high ionization parameters. 



1.6.3 Is there an absolute metalhcity scale? 

The determination of the metallicity with different diagnostics, as strong- line and Te, give very 
discrepant results. For example, the calibrations associated with the -R23 give a difference in 
metallicities reaching ~0.5 dex, see figure 1.12 What is the method giving the best value of 
the metallicity? Direct methods give nearly the absolute value of the metallicity in a HII 
region in low and high metallicity environments The determination of metallicities in metal 
rich environment (12+log(0/H)>8.6) by direct method is usually not possible in extragalactic 
studies because the needed lines are too faint. There are few strong- line calibrations calibrated 



with direct method in metal rich galaxy Liang et al. (2007). For now, it is difficult to point one 



^Some authors however argue that the direct method can be afTected by systematics in high metalhcity regions 
( Stasihska|[2005| [2002] [Bresohn|[2006| . 
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strong-line calibration as the better approximation of the real mean metallicity in metal rich 
environments. 

Fortunately, despite the lack of a method able to measure an absolute metallicity in ex- 
tragalactic studies, it is possible to measure with good accuracy relative metallicities. In- 



deed ^Kewley^&^^llison (2008) have shown that the relative metallicities between galaxies can 
be reliably estimated within ~0.15dex when using the same metallicity calibration. In order to 
compare the metallicities of galaxies measured from different calibrations, several authors have 



implemented conversions between metallicity calibrations. Liang et al. (2006b) and Kewley & 



Ellison (2008) have built conversions between calibrations using the SDSS sample, as the con- 



version between the i?23 calibration of Tremonti et al. (2004) and those of A''2 from iPettini &; 



Pagel (2004), illustrated in Fig. 1.13 See http://www.ifa.hawaii.edu/~kewley/Metallicity/ and 



Kewley & Ellison (2008) for comparison between the metallicity calibrations. 



1.7 Star formation rate 

The star formation rate, SFR, represents the mass of stars formed from the gas in a time unit 
and is thus defined as: 



SFR{t) 



dM. 



stars 



dM, 



gas 



(1.9) 



dt dt 

By definition, the SFR is directly proportional to the luminosity emitted by the young stars. 
Hence, the main tracers of the SFR are the UV light, the hydrogen recombination lines produced 
by the ionizing radiation from very massive stars and the infrared light from the reprocessed 
UV light by dust grains. The calibration of the luminosity of these tracers to the SFR are done 
with semi-empirical and photoionization models. The SFR calibrations are thus dependent on 
the main ingredients of models: the initial mass function (hereafter IMF). The IMF gives the 
relative distribution of stellar masses in a stellar population formed at the same time from a gas 
cloud. When comparing SFRs from different calibrations it is crucial to verify if the calibrations 



used the same IMF. In this study, I have only used the set of calibrations proposed by Kennicutt 



(1998) which are all based on the same IMF from Salpeter (1955). 



1.7.1 SFR from the luminosity of recombination lines 

The Balmer recombination lines are produced by the ionizing radiation produced by the most 
massive and youngest stars of a galaxy, type O and B stars. Their luminosity is proportional to 
the number of massive stars and thus to the SFR. Only stars with masses > 10 Mq and lifetimes 
< 20 Myr contribute significantly to the integrated ionizing fiux, therefore the SFR estimated 
by recombination lines gives the instantaneous SFR (r ~ 10 Myr). The luminosity of Ha, the 
most luminous of the hydrogen recombination lines in the optical, is calibrated to the SFR by 



photoionization models. The calibration of Kennicutt (1998) gives: 



SFRHaiM^yr-') = 7.9 x 10'^^ Lnaierg s-') 
The Ha luminosity is calculated from the dust-corrected line fiux by: 

LHaiergs-^) = 4 x 7r(3.086 x 10^"^ DifFna 



(1.10) 



(1.11) 



where -D_l is the luminosity distance in Mpc, F^p is the fiux in Ha line corrected from extinc- 



tion in ergs 



cm 



and the luminosity of the line is Lup- The SFRna is very sensitive to 



uncertainties on the aperture correction and on the extinction correction. 
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Figure 1.12: Robust best-fit M-Z relations calculated using the different strong-line metallicity calibra- 
tions. The top panel shows the rms scatter in metallicity about the best-fit relation for each calibration in 
0.1 dex bins of stellar mass. The y-axis offset, shape, and scatter of the M-Z relation differ substantially, 
depending on which metallicity calibration is used. From Kewley & Ellison 2008. 
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Figure 1.13: Comparison between different metalicities derived by N2 Pettini & Pagel (2004) and i?23 



Tremonti et al. (20041 for the SDSS DR4. Tlie line represents tlie polynomial fits between the two 
metallicity-metallicity diagnostics that allows an easy conversion between the two estimators. From 



Kewley & Ellison (2008). 



At high-z, the Ha line is redshifted outside the optical windovi^. In such case, the SFR can be 
estimated from the higher order Balmer lines such as Hfi line or H^. The Ha flux is estimated 



from the Hj3 flux by applying the theoretical ratio between Ha and -ff/3, see section 1.2.2 



1.7.2 SFR from the ultraviolet luminosity 

In the wavelength interval 912-2500A the galaxy spectrum is dominated by the powerfull ra- 
diatioij^ emitted by young stars with typical masses of M ~ SMq. The SFR(UV) is directly 
proportional to the UV continuum luminosity and the calibration between the two quantities 
can be derived using synthesis models. The calibration of Kennicutt ( 1998[ ) gives: 



SFRuviM^yr-^) = L^{UV) x 1.4 x 10~^^ {ergs Hz' 



(1.12) 



The SFR(UV) traces the recent SFR, more exactly the integrated SFR over the last 100 Myr. For 
example, it is not possible to disentangle between a system which has been forming at constant 
level of 1 Mq /yr over the last 100 Myr and one which has formed 4 x IO^Mq in an instantaneous 
burst 50 Myr ago ( |Calzetti|[2008| ) . 

The UV tracer is in particular well-suited for z>0.8 galaxies, for which only the rest-frame 
UV light is visible in the optical window. Unfortunately, this estimator has a big drawback: it 
is extremely sensibility to the extinction. A moderate extinction of ^y=lmag in the V band 
implies an extinction ^isooA ~3 mag in the UV, and the exact value depends on the geometric 



distribution of the dust in the galaxy (Kennicutt 1998 Calzetti 2008). The UV luminosity can 



^Tlie radiation emitted by tliese stars lias liigli energy but not enough to ionize tiie surrounding gas. The 
ionizing radiation, under 912A , emitted by the most massive stars is reprocess in part in visible hght into the 
Balmer recombination hnes, seen by the SFRho 
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be corrected from extinction using the UV slope (Calzetti et al. 1994) or by extrapolating the 
extinction measured in the optical and infrared domain (see Part II, section 5.3.2). However, the 
bias due to extinction can still be important after correcting with one of these two diagnostics. 
The former method can be affected by the age-dust degeneracy ( Calzetti|2008 Buat et al.|2009 ) . 
On the other hand the estimation from the optical lines is uncertain due to the extrapolation 
and the assumption of a selected extinction law (see the large differences between the several 
extinction laws at UV wavelength in Figure 4.7). The issue of extinction is dramatic in the case 
of distant galaxies where objects are expected to have high SFR and dust content. A large part 
of the SFR can be obscured by dust and thus not be taken into account by the UV calibration. 



1.7.3 SFR from the infrared luminosity 

Part of the UV light is absorbed by dust. The absorbed light heats the dust grains which re-emit 
the light in the mid- and far-infrared domain. As the absorption cross section of the dust peaks 
in the UV, the IR luminosity is a good tracer of young stars. The SFR(IR) is thus well-suited 
for dusty and high-SFR system such as LIRGs and starburst galaxies. Like the IR luminosity, 
the SFR(UV) is a proxy of the recent star formation (~100Myr). The calibration of Kennicutt 

= 1.71 X lO-i°L/i?(L0) 



(1998) gives: 



SFRiRiMeyr- 



(1.13) 



The SFR(IR) traces the star formation obscured by dust. At intermediate redshift z ~ 0.6 
the fraction of star-formation obscured by dust is not negligible since ~50% of the integrated 
optical/UV emission from stars is reprocessed by dust in the infrared ( Chary Sz Elbaz|2001 ). The 
right panel of figure 1.14 shows the SFR(IR) versus the SFR(UV) for a sample of intermediate 



galaxies from Hammer et al. (2005). The SFR is underestimated by a factor 2 when using only 
the UV tracer compared to the IR tracer. 

Until recently, the estimation of the dust-obscured star-formation was limited by the low 
spatial resolution and poor detection limit of the infrared instrument. The high sensibility of the 
IR spatial telescope Spitzer allows us now to detect small infrared fluxes and thus do not restrict 



the study to massive ULIRG or nearby galaxies anymore. For example, Le Floc'h et al. (2005) 



have constructed a catalogue of the 24/im sources of the CDFS field, with a 80% completeness 
limit at ~83 juJy. They have shown that at z~0.3 (0.8) objects with SFR ~1(10)Mq yr~^ can 



be detected, see Fig 1.15 



1.7.4 Total SFR 

The total recent star formation can be estimated by the sum of SFRjji and SFRuy. Indeed, 
SFR(UV) traces the UV light which has not been obscured by the dust and SFR(IR) trace the 
UV light thermally reprocessed by the dust. The sum of the two SFR estimators account for all 
the UV light emitted by the young stars. 



1.7.5 SFR from the forbidden Oil line 

In high-z galaxy spectra, the Balmer recombination lines fall outside the optical window or 



the high order Balmer lines {H^, H(5) are too faint to derive reliable SFR. Kennicutt (1992) 
proposed to use the forbidden line [OIIJA3727A to derive the SFR. This line has the advantage to 
be strong in galaxy spectra and to be detected in the optical range up to z~1.5. Forbidden lines 
are not directly proportional to the SFR like the recombination lines, their intensity depends on 



the metallicity and on the ionization parameter among other factors. Kennicutt (1992) claimed 
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Figure 1.14: Comparison of SFRs calculated using the formalism of Kennicutt (1998). (Left panel): 
[OII]3727 estimates are compared to IR estimates for a sample of 70 galaxies from the CFRS and Marano 
fields (see Liang et al. 2004b). Upper left panel provides the SFRjji/ SFR^qjj] ratio. Median values 
of the ratio are 5 and 22 for starbursts (SFR < 20 Af yr^^) and LIRGs respectively. (Right panel): 
same comparison for 2800A UV luminosity estimated for 61 CFRS galaxies. Median values of the 
SFR(IR)/SFR(UV) ratio are 13 and 36 for starbursts and LIRGs, respectively. From Hammer et al. 



(20051. 



to have found a correlation between the EQW([OII]) and EQW{Ha) in a sample of local galaxies, 
making possible the implementation of a calibration based on the [Oil] luminosity. This tracer 
has been intensely used in the literature and it is still frequently used to derived SFR in high- 
z surveys. However, Hammer et al. (1997) and later Jansen et al. (2001) have shown that 
the [Oil] luminosity is not a good tracer of the SFR. Using a larger survey of intermediate 
and local galaxies, they found a large dispersion between the EQW([OII]) and EQW(i?a) which 
invalidates the Kennicutt calibration. The [Oil] tracer cumulates all the problems: (1) The [OH] 
line falls in the blue part of the spectrum and it is thus very sensitive to extinction. (2) The [OH] 
line intensity depends on the metallicity of the gas. (3) The line is sensitive to the ionization 
parameter. The left panel of Fig. 1.14 shows the dramatic discrepancy between SFR([OII]) 
and SFR(IR). SFR([OII]) underestimates by several factors the SFR. It is not recommended to 
estimate SFR using this tracer. 



1.7.6 Extinction from the SFRna/ SFRm ratio 

Another method to evaluate the dust extinction is from the infrared and optical star formation 
rates. The SFR indicates the number of stellar masses newly formed and it is thus proportional 
to the amount of ionizing photons produced by the young massive stars, see subsection 4.3.6. 
However, when measured in the optical, using the nebular emission e.g. the intensity of the 
Ha, part of the SFR is hidden by the dust. In fact, a large fraction of the ionizing radiation is 



absorbed by the dust and reprocessed into infrared light. Flores et al. (2004) have shown that 
the optical SFRua and the SFRjr measured from the IR luminosity give compatible results 
when SFRho is correct from extinction and aperture. It is thus possible to estimate the amount 
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Figure 1.15: Total IR luminosities of the MIPS 24^m sources identified with a redshift at 0<z<1.2 



( plus signs). Assuming the calibration from Kennicutt (1998), IR luminosities are translated into an 
'IR-equivalent SFR' reported on the right vertical axis. The thick solid line indicates as a function of 
redshift the IR luminosity corresponding to an observed 24/iTO flux of 0.08 mJy (80% completeness limit 



of our survey). Inset: Corresponding IR luminosity histogram of the sample. From Le Floc'h et al. (2005) 



of extinction from the ratio of the uncorrected extinction SFR}ia^^ (but aperture corrected) and 
the SFRiR. Finally, the ratio has been corrected using the average interstellar extinction law: 



^v{l^) = y-^ log 

1.66 SFRnar.c 



(1.14) 



The factor 1.66 is the value of the term [/(/3) — /(oo)] — [/(/3) — /(a)] from the extinction law 
and a total-to-selective ratio Rv=3.1 has been assumed. 



1.8 Gas fraction 



The mass of neutral and molecular gas can be measured using HI or CO observations. Unfortu- 
nately, the direct measurement of the HI gas mass is not possible above z~0.3 (Lah et al. 2007). 
In the future, the interferometric arrays ALMA and SKA will be able to observe the neutral and 
molecular gas of very distant galaxies. At present, the gas fraction of distant galaxies can only 



be indirectly estimated using the Kennicutt-Schmidt law (Erb et al. 2006a) 



The Kennicutt-Schmidt law (K-S law) links the surface gas density and the star formation 



density (Kennicutt 1998): 



j:sFRiMQyr-'kpc-') 



2.5 X IQ-^^gas^-^ 



(1.15) 



The K-S law is valid over a large range of densities, host galaxy properties and over more than 
6 orders of magnitude in SFR, as illustrated in Fig. 1.16, The K-S law may not be the result 



of a unique physical process but produced by a combination of several processes occurring at 



different scales (Kennicutt 1998) 
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Figure 1.16: The global Kennicutt-Schmidt law in galaxies parameterized in terms of the SFR surface 
density and the total (atomic plus molecular) gas surface density. The filled circles are normal disks, 
squares symbols stand for starburst and open circles show the SFRs and gas densities for the center of 



normal disk galaxies. From Kennicutt (19981. 



The Kennicutt-Schmidt law can be inverted to estimate the gas mass . The gas mass is 
proportional to the observed SFRtotai and the galaxy size Rgas in Kpc. The method has been 



used successfully at different redshifts: local galaxies Tremonti et al. (2004), z~0.6 Puech et al. 



(pOlOl), z~2|Erb et al.|(|2006a|), z~3 |Mannucci et al.| (|2009l). From the K-S law and the definition 

(1.16) 



of the SFR density: 



f ) 

''gas J 



^SFRiMe yr-^ kpc-'') = SFR/{7t i?; 
The gas density T,gas can be written as a function of the SFR and Rgas 

llgasiM^yr^'^ kpc'"^ 

The total mass of gas is computed from Mgas 

MgasiMQ 



SgasTT X Rgas 



5.18810^ x5Fi?0-7i4xi?o,f2 



(1.17) 



(1.18) 
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Chapter 2 



How to derive the properties of the 
stellar population? 



2.1 Introduction 



The integrated spectrum of a galaxy is a fossil record of its history. Indeed, the age and metal 
content of young and old stars leave their inprints in the observed colors and absorption fea- 
tures. Scheiner (1899) was probably the first to try to infer the stellar content of a galaxy from 
integrated spectra. He compared the spectrum of Andromeda to the solar spectrum and found 
many similarities. He concluded that M31 is composed of solar-type stars and must therefore 
be a distant stellar system. Decades after Scheiner, Morgan (1968) and then Spinsad & Taylor 
(1972) have re-introduced the problem. From then on, many teams have tried to decompose the 
stellar component of galaxies into simple stellar populations of different ages and metallicities. 
The study of the stellar content of galaxies is now a key tool to understand galaxy evolution, 
since it enables to recover the star formation history which provides insight into the crucial issue 
of stellar mass growth. 



2.2 Ingredients 

The general method consists of fitting stellar features, such as specific absorption lines or all the 
spectrum, using stellar templates which can be empirical templates or semi-empirical models, 
see figj2]T 



2.2.1 Base template 

Stellar population decomposition relies on the decomposition of the galaxy SED into a base of 
simple stellar templates. There are two kinds of templates: empirical templates based on the 
spectrum of real stellar populations and synthetic templates which are built from the combination 
of stellar libraries and stellar evolution models. 



Empirical templates: "Real galaxies consist of real stars" 

In a first attempt, galaxy SEDs can be decomposed into their more fundamental units: stars. A 
large number of observational campaigns have been carried out to collect panchromatic and high 
quality star spectra covering the possible range of effective temperature, gravity and metallicity 
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Figure 2.1: General method to retrieve stellar population. 



to build stellar librairies (Jacoby et al. 1984 Le Borgne et al. 2003; Sanchez-Blazquez et al 



2006). Nevertheless, spectra of star clusters are usually favored for the study of composite 



stellar populations (Bica & Alloin 1986 Santos et al. 1995 Piatti et al. 2002 Schiavon et al. 



2005). According to the scenario of star cluster formation, stars of a star cluster were born 
simultaneously from a same gas cloud. They are thus an ideal base element for describing a stellar 
content. The integrated spectra of star clusters are built from Nature's relative proportions of 
different stars born from a gas cloud at the corresponding metallicity Z. This approach is free of 
any assumption about the initial mass function (IMF) and details of stellar evolution. Moreover, 
the main advantage of this method over star libraries is to reduce the number of variables in 
the grid. Indeed, star cluster libraries are defined by two parameters - age and metallicity - 
contrarily to the three parameters needed for stellar libraries. The main limitation of empirical 
templates is that they do not span the all age-Z space homogeneously. 



Evolutionary population synthesis 

Stellar population synthesis computes the spectral energy distribution emitted by specific pop- 
ulations of stars. The first approach of the method has been introduced by |Crampin &: Ho3del 
(1961) and then Tinsley (1978). The modeling of stellar population synthesis spectra has con- 



siderably evolved and it is now possible to reproduce the spectra of globular and star clusters 



(Koleva et al. 2008 Gonzalez Delgado k Cid Fernandes 2010). 



Stellar population synthesis models follow the time evolution of an entire stellar system by 
combining libraries of evolutionary tracks (isochrones) and stellar spectra with prescriptions for 
the stellar initial mass function (IMF), star formation and chemical histories. Populations of stars 
are generated from a stellar initial mass function ( |Salpeter|[l955| |Chabrier][2003l [Kroupa|[200T| ) , 
which gives the distribution of the number of stars per unit of stellar mass formed from the same 
gas cloud, and a star formation history. The most commonly used parametrization for the star- 
formation history are: Single Stellar Population (SSP), which corresponds to an instantaneous 
burst; Complex Stellar Population with exponential decay SFH (CSP), parametrized by SFR = 
exp{—T/t); Complex Stellar Population with multiple bursts, in which the SFH is parametrized 
by an initial burst with long exponential decay SFR and a younger secondary burst. Then, 
the evolution of each star of the created stellar population is computed in terms of effective 
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temperature (Teff) and luminosity using evolutionary tracks in the Hertzsprung-Russel diagram, 
called isochrones (Alongi et al. 1993: Bressan et al.|[T993 ). The final step consists in associating 
to each combination of T^ff and luminosity a star spectrum from a spectral library. Stellar 



libraries can be empirical, i.e. composed by spectra of nearby stars such as STELIB (Le Borgne 



et al. 2003) and MILES ( Sanchez-Blazquez et al. 2006), or theoretical from stellar atmosphere 
models ( [Coelho et al.||2007[ ). Since iBruzual A. & Charlotl (|1993|) , who first introduced isochrone 



synthesis, a large number of teams have created evolutionary population synthesis using different 



stellar libraries and stellar evolution models, such as: Bruzual &: Chariot (2003); Maraston 



(2005); Kotulla et al. (2009); Vazdekis et al. (2010). 



Stellar population synthesis models have the advantage of being very versatile. They allow to 
generate homogenous grids of single stellar populations, with a wide range of age and metallicity, 
and whose SEDs are defined in a large range of wavelengths (e.g. 3200 to 9500 A in the case 
of BC03 models). Moreover, each template is normalized to IMq and it is thus easy to derive 
stellar masses, SFR and other quantities. However, stellar population synthesis models have 
important limitations : 

• Uncertainties on the stellar evolution models, in particular in the advanced stages such as 
thermally pulsating asymptotic giant branch stars ( Maraston||2005 Maraston et al.|[2006 ). 



Uncertainties on the stellar libraries. The quality of models depends on the stellar library 
they use. On the first hand, empirical stellar libraries can be affected by mismatch in the 



flux calibrations. It is the case of Bruzual & Chariot ( 2003 ) models which have difficulties 



in reproducing real spectra in the Hf3 region due to bad flux calibrations in the stellar 
library STELIB. On the other hand, the coverage in age, metallicity and surface gravity 
of the stellar library is also a key parameter of model quality. Stellar population synthesis 
models have to rely in theoretical stellar atmosphere spectra to fill regions not covered 



by the empirical library, which add large uncertainties. Koleva et al. (2008) have shown 



that Bruzual & Chariot ( 2003 ) have difficulties when recovering properly sub-solar stellar 



populations due to the limited coverage of its stellar library outside the solar metallicity 
region. 

An assumption of the IMF is needed since stellar population synthesis depends on the 
selected IMF. 



Conroy et al. (2009, 2010); Conroy & Gunn (2010) have made a first attempt to evaluate how 



these uncertainties propagate through stellar population synthesis modeling. Chen et al. (2010) 



have evaluated the model uncertainties on the derivation of SFH by comparing six evolutionary 
population models. 



2.2.2 Observables and parameters 
Absorption features 

The first studies of the stellar content based on spectra have only considered specific absorption 
features with high information content. These spectral indices are essentially defined by the 
equivalent width of absorption lines highly sensitive to the age and metallicity. The spectral 



indices of the Lick Observatory group defined from low resolution spectra (Worthey 1994) are 



still widely used in this kind of studies. The fit of these observables can be done with a grid 



of models with different star formation histories, e.g. Kauffmann et al. (2003b); Gallazzi et al 



(2005); Tremonti et al. (2004)), or by the linear combination of empirical or synthetic templates. 
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e.g: iBkal p^SSl); 



Pelat] p997l); |Boisson et~al] (|2000l); [Trager et alT] pOOS]); [G"raves fc Schil^ 



(2008) (see figure 



2.2) . 



^ 3 



^ 3 



































1.0 




2.0 2,6 3.0 3.5 






<Fe> 

































1 2 3 4 5 6 







,,. ,.pi-,.^...y..^..^ , . , , , , , , ^ 

ANGC 6121 ; 






+ 47 Tuc - 






□ KGC 6441 ; 






Vv NGC 6528; 






..\\ XM67 ■ 


















3. . .^vfc^ ^^^^^"^-^-^ 







4 












3^ 
























1 2 3 


4 




Mg b 










4 












3^ 














-0.10 -0.05 


0.00 0.05 




CN, 








0.0 0.5 1.0 1.5 2.0 
Ca42S7 



1.0 1.5 2.0 £.5 3.0 3.5 
<Fe> 



Figure 2.2: Example of estimation of age and metal abundance from Lick indices of cluster data. The 
location of the object in the grid gives a first approximation of the age and metal content. The grids are 



produced by the model of Schiavon (2007): solid lines show constant [Fe/H] from left to right of -1.3, 
-0.7, -0.4, 0.0, and -t-0.2; dotted lines show constant age from top to bottom of 1.2, 2.2, 3.5, 7.0, and 14.1 



Gyr. From Graves & Schiavon (2008) 



Full-spectra fitting 

The improvement of the base templates in terms of spectral resolution and wavelength coverage 
now enables to model the full galaxy spectra. This method accounts for all the information 
contained in the spectrum: absorption features and the continuum shape. Full spectra methods 
fit flux-calibrated spectra by a linear combination of A^^ simple stellar population templates, 
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usually SSPs. The SED of the synthetic spectrum is defined by: 



Ma = Mao J2 ^i'^x ® G{v^. (^^) 



(2.1) 



where Mao is the scaling parameter, are the {j = 1, . . . , A^j,) single stellar population tem- 
plates, rx is the reddening term and G(f*, o"^) is a gaussian convolution modeling the kinematics 
of stars within the galaxy (f ^ is the velocity and fj^, is the dispersion of stars) . The contribution 
of each template Xj (j = 1, . . . , N^,) to the observed spectra is estimated by minimization: 



X 



a 



(2.2) 



OA 



where Ox and aox are respectively the flux and flux uncertainty on the observed spectrum at 
wavelength A. 

The method has become popular in the literature as attested by the growing number of 
softwares performing full spectra fitting of an input spectrum by a vector of templates: MOPED 
([Heavens et al.||2000|),P PXF ( |Cappellari Emsellem|[2004l) , P LATEFIT ( [Tremonti et"al][2004 



Lamareille et al.||2006D, STA RLIGHT ( |Cid Fernandes et al.||2005| ), STECMAP ( [Ocvirk et al. 
2006P , ULySS ( [Koleva etaL][2009l ) , VESPA ( [Tojeiro et al.||2C)07l). The meth o d has been widely 



applied to the SDSS sample, see fig 2.3, among many other: Asari et al. (2007); Vale Asari 



et al. (2009); Mateus et al. (2006); Tojeiro et al. (2009); Chen et al. (2009); Zhong et al. (2010). 



They are based on different inversion methods and optimization algorithms, but according to the 
tests reported at lAU Symposium 241 (http://www.astro.rug.nl/ sctrager/challenge/), they all 



give comparable results (http://www.astro.rug.nl/~sctrager/challenge/). [Koleva et al. (2008) 
have validated the full spectrum fitting method and have shown that this approach gives results 
consistent with Lick indices but three times more precise. 

The use of a discrete SSP-based approach has the advantage not to impose any constraints 
on the allowed form of the star formation history. However, as full-spectra fitting methods use 
the information of the stellar continuum, the method is sensitive to fiux-calibration mismatches 
of the observed spectrum and of the stellar templates used to build the synthetic models. 



Broad-band photometry 

A rough approximation of the stellar mass, extinction, and age of stellar populations can be 
estimated from broad-band photometry. The galaxy SED is fitted over a large wavelength range 
to a grid of CSP with different ages, metallicities and SFH parametrization. Due to the small 
number of observational constrains this method suffers from important degeneracies. Moreover, 



Papovich et al. (2001) have shown that near-IR photometry is mandatory to constrain the 



fraction of old stars and thus the stellar mass. I will discuss this method in detail in Part I, 
Chapter 5. 



2.3 Limitation of astro-paleontology 

The proper uncovering of a galaxy's star formation history, from spectra or photometry, is limited 
by the measurement uncertainties, model mismatches and assumptions on the parametrization 
of the SFH. Moreover, it is also affected by the existence of multiple solutions. The degeneracy 
arises from intrinsic degeneracies of stellar populations and from algorithms. For instance, the 
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Figure 2.3: Example of full-spectra fitting of a late-type SDSS galaxies using STARLIGHT software. 



Top-left : the galaxy spectrum (black) has been modeled by a combination of 150 SSP from Bruzual 
& Chariot (2003) synthetic models (green). Bottom-left panel: The residual spectrum, i.e. observed - 



synthetic. Right: Flux (top) and mass (bottom) fractions as a function of the age. From Cid Fernandas 



et ah (20051 



well-known age-metallicity-extinction degeneracy stems from the stellar population itself. The 
age-Z degeneracy tends to confuse old, metal poor system with young and metal rich galaxies. 
At old ages, the effect of age reaches a magnitude similar to the effects of dust and metallicity 
and thus the problem of recovering SFH becomes degenerate. It is thus hazardous to recover 
SFH beyond 2-4 Gyr. 

In non-parametric SFH methods, degeneracies can also come from an incorrect definition of 
the problem. Indeed, the SSPs used in this method can have very similar spectral characteristics 
but different ages and metallicities. If the elements of the base used in the optimization algorithm 
are not independent, i.e. that one element can be reproduced by the combination of other 
elements of the base, the problem turns degenerate. Recently, Richards et al. (2009) have 



investigated this issue and have optimized the elements of the grid, age and metallicity, using 



a diffusion map algorithm. Tojeiro et al. (2007) have shown that degeneracies can be reduced 



by being less demanding on the detail of SFH. They have implemented a full-spectra fitting 
algorithm which adjusts the number of elements of the base according to the quality of the 
input spectrum. 
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Chapter 3 

Studying distant galaxies 



In this chapter I discuss on some aspects of the methodology proper to the study of distant 
galaxies. Conversely to the local galaxies, distant galaxies are barely resolved, and their physical 
properties can be only derived for the whole system (section |3.1[ ). Moreover, the studies of distant 
galaxies are limited by strong observational constrains, such as the low signal-to- noise of spectra 
and the limited number of available lines due to the redshift (see figure 3.1). 



3.1 Interpreting integrated properties 

Despite the fact that the number of spatially-resolved observations of distant galaxies has been 
growing in the last 5 year^ the majority of studies relied on integrated spectroscopy. Integrated 
spectroscopy, using fiber or slit, allow to derive the global properties of large number of distant 
galaxies thanks to multi-object spectroscopy. However, the interpretation of the derived prop- 
erties is not trivial. Integrated spectra are constituted by a mix of a large number of emitting 
source hosted by the galaxy, e.g.: 

• The emission from hundreds of HII regions which can have very different physical states; 

• The combined light from all the stellar populations of the galaxy; 

• The radiation from active galactic nuclei; 

• Radiation produced by shock waves and the thermal emission of the gas. 

The role of the spectroscopist is to decompose the integrated spectrum into the individual 
contribution of its different sources and characterize the properties of each of them (see section 
3311). 



3.1.1 Robust determination of physical quantities 

The main difficulties in interpreting integrated spectra is due to the fact that different regions 
of a galaxy do not contribute with the same fraction to the integrated spectrum. An integrated 
spectrum is dominated by the regions with higher surface brightness, such as the continuum 
contribution from the bulge and the emission lines emitted by star- forming regions. It results 
that the properties derived from global spectra do not represent the mean value of the all 
galaxy but the properties of these high surface brightness regions. As an example, abundances 

''thanks to the new generation of integrated field spectrographs, such as VLT/GIRAFFE and VLT/SINFONI 



39 



Chapter 3. Studying distant galaxies 




Figure 3.1: Diagram illustrating the redshifts at which Ha, H/3, H7, and [O IIJA3727 are observable 
from the ground in the optical (3500-9500A ) and through the JHK near-infrared atmospheric windows. 
These lines are commonly used to derive physical properties of the ionized ISM in visible spectroscopy. 
The four lines can be simultaneously observed in the visible domain in galaxies with z<0.3. For galaxies 
with 0.3<z<0.8, the main properties of the ISM can be derived, as the extinction and metallicity, because 
the [O//], Hp and still fall in the optical region. At higher redshifts, the lines are redshifted to near 
infrared wavelength in which only observation in atmospheric windows (J, H, K bands) are possible from 
ground-based telescopes. From Moustakas, Kennicutt and Tremonti 2006. 
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derived from R23=[0 II]A3727/H/3 + [O III]A4959,5007/H/3 can either sample all the ionized gas 
spreading over all the disk, or only a single HII giant region in which most of the star formation 
activity is concentrated. The gap between the global properties and the mean properties of 
the all galaxy is almost impossible to constrain since it require prior knowledge on their spatial 
distribution. To better control the bias on the derivation of properties from global properties, 



Hammer (2005) have proposed to evaluate the physical parameters of faint and distant galaxies 



with at least 2 independent measurements, see Table 3.1.1 Each measurement can be affected by 
different bias which can be physical, such as the sensitivity of the method to the star formation 
history, or due to uncertainties on the measurement. The estimation of a quantity using two 
independent methods allows us to have a better control on the systematics. 



Star- formation 



Star formation rates are usually believed to be very uncertain. First factor of uncertainty is the 
supposed IMF: most tracers of SFRs are linked with massive, such as IR tracer, or very massive 
stars, like Ha tracer. Kennicutt ( 1998 ) has provided us an useful tool, including formula deriving 
SFRs from various indicators, all assuming the same IMF. It is also relevant when comparing SFR 
with stellar mass to consider a common IMF for similar reasons of consistency. For practical 
reasons, UV or [OII]A3727 fluxes have been often used to characterize the SFR, since these 
emissions are redshifted to the visible window at moderate or high redshifts. Unfortunately, 
these tracers are very sensitive to metallicity and extinction. Indeed starbursts and LIRGs are so 
numerous at z> 0.4, that the only viable tracers are those which account for the light reprocessed 
by dust (IR), or those properly corrected for extinction effect such as Ha after accounting for 
extinction using the Ha /Hj3 ratio. For a given IMF, mid-IR and extinction corrected Ha fluxes 



can trace the SFR within an accuracy much better than 0.3 dex in logarithmic scale (Flores et al. 
20041). 



Extinction 



The strong evolution of the Luminous Infra- Red Galaxies (LIRG) number density (Hammer 



et al. 2005 ) evidences the need to proper account for extinction when estimating SFR or metal 
abundance using i?23. A difficulty is coming from the extinction calculation itself. At moderate 
redshifts, galaxies host significant populations of intermediate age stars responsible for the strong 
Balmer absorption lines (see e.g. Hammer et al, 1997), which can easily affect the measurements 
of Balmer emission lines. One needs a sufficient spectral resolution (R> 1000) and S/N (> 10) 
to properly correct the underlying absorption, especially for measurements of H^ and H(3 lines. 
Another difficulty is due to the fact that, at z >0.4 the H"f line is redshifted to the near-IR, and 
the Ha/H/S ratio has to be estimated using 2 different instruments. A way to circumvent the 
difficulty (and the cost of near-IR spectroscopy), is to use the ratio H^/Hf3, although the H'y 
line is often faint. Liang et al. ( 2004a[ > have systematically compared extinction from Ha/H/3 to 
that from the ratio of IR to H^ emission (see Chapter 1 section 1.7.6) and find a good correlation 
between the two derived extinction. 
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Metallicity 

The most accurate method for derived metaUicities is direct-Te method (see section ^ However 
the hnes required to derive the metaUicities from direct-Tg method are usuahy too faint in 
distant galaxies and strong-hne cahbrations are used. The strong hne ratio i?23 is sensitive to 
the extinction through the ratio [OII]\2>727 / H (3. The metaUicities derived with this parameter 
can be compared to those from the ratio [N lV\/Ha. This ratio is used nitrogen rather than 



oxygen and can be affected by the production of primary nitrogen (see Pettini & Pagel (2004)). 
However R23 and [N H]/i?a seem to correlate well, at least for abundances above 1/4 of the 
solar values. [N Ha measurements can also help to resolve the degeneracy of the 0/H-R23 
relationship. 



Quantity 


1st measurement 


2nd measurement 


notes 


Gas extinction 
SFR 

Gas abundance 


Balmer line ratio 
correct for absorption 
mid-IR 

i?23 extinction correct 


IR/visble ratio 
aperture corrected 

Ha or HI3 
extinction corrected 
[NII]/i/a 


error <0.3(iex 
error <0.3(iex 
error ~0.1(iex 



Table 3.1: Combination of measurements required for a robust determination of physical quantities of 



distant galaxies. From Hammer (20051 



3.1.2 Effect of the aperture in integrated spectroscopy 

On the other hand, the properties of the galaxies are not homogenous, e.g: 

• The star formation is concentrated in clumps and filaments (rings, spiral arms, and more 
complex structures in irregular galaxies). 

• The properties of the central bulge are very different than those of the disk in spiral 
galaxies: older stellar population, SFR, metaUicities, colors, etc... 

• The gas metallicity has a radial gradient with the central regions having the higher metal- 
licities. For example, late-type spirals have large metallicity gradients (one order of magni- 
tude between the inner and outer disk) . On contrary, bared-spirals and early- type galaxies 



have lower metallicity gradients, see review Henry &: Worthey ( 1999 ) 



The distribution of the dust is not homogenous and is composed by patch of high density 
regions and dust lanes. The observed extinction depends thus on the line-of-sight, i.e. if 



the galaxy is seen edge-on or face-on. According to Kennicutt et al. ( 1989p , there is no 
evidence for a extinction gradient such as metallicity. 

• The contamination by AGNs only affects the light rising from the nuclear regions. 

The radial gradients and variation of the properties of galaxies cause sever bias when comparing 
observation done with different aperture system which sample only a limited portion of the 



In the case of integrated spectra of galaxies, Kobulnicky & Zaritsky ( 1999 1 have shown that the Te-method 



does not give the mean metaUicity of the galaxy because the contribution of the different HIT regions to the 
spectrum leads to an underestimation of the metallicity. 
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galaxy. As instance, observing a galaxy with a small projected aperture only probe the properties 
of the central regions while large aperture will sample the all galaxy. The bias on the derived 
physical properties depends on the aperture size and on the apparent dimension of the galaxy 
observed. At higher redshift, the effect of the aperture is less critical because the apparent 
size of galaxies diminishes and therefore almost all the galaxy is sampled by slit or fiber. It's 
the reason why it's mandatory to evaluate the bias due to apertures when comparing sample 
at different redshift. The effect of the aperture size on apparent galaxy properties have been 



intensively discussed in the literature since decades, e.g the pioneer work of de Vaucouleurs 
(1961) and Hodge (1963), see Kewley et al. (2005) for a review. 



The SDSS 3" aperture fiber 



The case of the SDSS survey is certainly the most documented ( Tremonti et al.||2004 Kewley & 
Enison|[2008l [Maiolino et"ar][2008l |Lara-L6pez et al.|[2009l [Brinchmann et al.||2004| ~^At z=0.07, 
the SDSS 3" aperture fiber only probes a central region of 4 kpc. Depending on the galaxy size, 
about 60% to 80% of the hght is lost by the fiber aperture (IKewley et al.||2005|). The SDSS 



spectra are thus nuclear spectrum and the properties derived are not representative of the all 



galaxy, but do only characterize the central region. In Kewley et al. (2005), the authors have 
investigated the effect of aperture size on the estimated SFR, metallicity and extinction. They 
have compared the properties derived from integrated spectra of the Nearby Field Galaxy Survey 
(NFGS) and those derived from the nuclear spectra of SDSS survey. They have concluded that 
a minimum covering fraction larger than 20% is needed to avoid aperture effects. Above this 
covering fraction, the estimation of the SFR, Ay and metallicity are poorly affected by the 



aperture bias, see table 3.2 



Properties 


f covering ^ 20% 


f covering ^ 20% 


SFR 

Extinction 
Metallicity 


±0.70 

±1 mag 
+0.14 dex 


depend on the Hubble type: 
~15% missed in late-type 
underestimation in early-type 

negligible 

negligible 



Table 3.2: Bias and dispersion on the integrated properties derived from SDSS nuclear spectra compared 



to those derived from global properties. From Kewley et al. (20051 



EfTect of slit 

The effect of the aperture size is also valid for slit aperture. The bias due to the aperture does 
not depend only on the aperture size, but also on the length of the fiber and on the position of 
the slit on the object. To minimize aperture bias, the slit length has to be orientated along the 
principal axis of the galaxy. The slit aperture will affect the measured properties not exactly in 
the same way that fiber aperture. Indeed, a slit centered on a galaxy bulge will also collect light 
from the disk in it length. At the same aperture size (diameter for fiber and width for slit), the 
aperture bias in slit is thus expected to be smaller than in fibers. 

The new surveys of nearby galaxies with 3D spectroscopy will allow in the future to evaluate 
with more precision the effects of aperture (slit and size) on the derivation of the SFR, extinction, 
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etc.. from integrated spectra (see preliminary results of Rosales-Ortega et al. (2010)). It is one 



of the main goals of the project on SN la presented in Part III. 



3.2 Measuring emission lines 

3.2.1 Extracting the ionized gas component from the galaxy spectra 

The optical spectrum of a star-forming galaxy has two components: a stellar component - 
composed by the combination of the spectra from the stellar populations- and an emission 
spectra from the ionized gas. Before proceeding to the characterization of the gaseous phase 
from the optical spectra, it is necessary to uncouple the two components. The extraction of 
the stellar continuum from the gaseous phase is an essential step to measure emission lines. 
Indeed, the Balmer lines of a star-forming galaxy are composed by an emission lines with an 



underlying absorption line (See Fig. 3.2). The emission spectra from the gas is superimposed on 
the absorption spectra of stars. Not accounting for the underlying absorption when measuring 
the emission lines leads to important underestimation of their flux and thus induces a bias for 
all the properties derived (Liang et al. 2004b). There are two methods to correct the emission 



lines from the underlying absorption : one based on the equivalent width of absorption lines and 
another one based on the composition of the stellar population. 

Equivalent width 

This method consists in only correcting for the underlying absorption of the Balmer lines of 
Hydrogen. For distant gala xies, the equivalent width of the Balmer absorpt ion lines has often 



been estimated to be 2 A (Tresse et al 



1996 



Kobulnicky &: Zaritsky 



1999 



e.g.). In order to 

have a first approximation of the flux of Balmer lines, a constant equivalent width of 2 A can be 
added to the measured uncorrected flux. This method has been widely used in the past because 
it can be used with low signal-to-noise and in low spectral resolution spectra. However, it can 
lead to large bias because the absorption in Balmer lines can be larger than 2A in severals cases. 
Indeed, the equivalent width of hydrogen absorption lines depends on the age and metallicity of 



stellar population of each galaxies. Hammer et al. (1997) have found equivalent widths for Hp 



reaching 7-8 A in some distant galaxies. 



Full spectra fitting 

A more efficient method consists in fitting a synthetic spectrum from a template library to the 
spectrum of each galaxy, see previous chapter. The emission lines of the spectrum are masked 
and the stellar component is fitted by a linear combination of spectra from stellar library or 
semi-analytic model templates. The main purpose of this method is to derived the composition 
of stellar population of galaxies from their optical spectra. However, in this stage of the spectrum 
analysis, we are only concerned to properly subtract the stellar component from the emission 
lines and the method can be used in a simple level. In the study of distant galaxies, described 
in Part I Chapter III, the best fit has been computed using the STARLIGHT softwar^and a 
set of 15 stellar spectra from the Jacoby et al. (1984) stellar library, including B to M stars (e.g 
B, A, F, G, K and M) with stellar metallicity. A Cardelli et al. (1989) reddening law has been 
assumed during the fit. 



'available for download at http://www.starlight.ufsc.br/. 



44 



3.2. Measuring emission lines 




3600 3800 4000 4200 4400 

Wavelenght [A] 



4600 



4800 



5000 



Figure 3.2: Spectrum of a distant galaxy from the IMAGES sample. The spectrum has been 
fitted by STARLIGHT with stellar library templates. The contribution from the stellar absorp- 
tion is plotted in red line. The upper box is a zoom around the HP line. The emission line and 
the underlying absorption are clearly visible in the HP line. 



I give two remarks, one about the choice of the templates and the other one the matching of 
the spectral resolution. In relation to the choice of the model, the stellar evolutionary population 



models of Bruzual Sz Chariot (2003) are widely used as base templates in the literature. Their 



use in full-spectra-fitting method are motivated by two reasons: the completeness of the Z-age 
grid and the wide wavelength coverage, see previous Chapter. Despite these advantages, I have 
chosen to use stellar templates rather than this stellar evolutionary population models. This 
is because BC03 models overestimate the absorption in the II/3 line, which is dramatic for the 
purpose of correcting from the absorption component! Asari et al. (2007); Cid Fernandes 



et al. ( 2005 ) have suggested that the origin of this bias is due to flux-calibration mismatch of 



the STELIB library used in the BC03 models. The STELIB spectra have an excess of flux in 
both sides of the H/3 when compared to model spectra. From now, as the synthetic spectrum is 
not used to retrieve physical properties of the stellar population, I have adopted a simple stellar 
library in order to better control the parameters of the fit. 

My second remarks is about the matching of the spectral resolution between the templates 
and the observed spectrum. The majority of the software mentioned above matches directly in 
the best fitting function the spectral resolution of the spectra template and the input spectrum. 
The matching works reasonably well in high S/N spectra and when the difference between the 
two spectral resolution is not too large (Cid Fernandes et al. 2005). However, for S/N<10 
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it is highly recommended to adjust previously the template spectra to the observed spectra. 
Mismatch on the resolution induces bias in the fluxes of Balmer lines. 



3.2.2 Measuring emission lines 

After subtracting the stellar component, the emission lines arising from the gaseous phase of 



galaxies can be measured using manual or automatic methods fitting. Figures 3.3 shows the 
spectrum of a galaxy after the subtraction of the continuum. Theoretically, emission and ab- 
sorption lines have gaussian profiles. The width of the line depends on several components: 
the natural width of the line, the dispersion of velocity of the different emitting regions and 
the spectral resolution of the instrument. In the case of distant galaxies, the lines can have 
profiles more complex than a simple gaussian distribution. On one hand, physical processes can 
lead to none gaussian profile. Indeed, in integrated spectroscopy a line is compounded by the 
mix of lines ari sing from different regions of the galaxy which can have different velocities and 



brightness. Fig 3.4 illustrates an example of lines without gaussian profile: the [OIIIJA5007A 
shows a complex profile which cannot be fitted by a simple gaussian function. In a second hand, 
the spectra of distant galaxies can be affected by low signal-to-noise. The Poisson noise can 
apparently deform the gaussian profile of the emission lines. 

I have used the SPLOT routine from the IRAF package to measure the flux of the lines 
individually. The task evaluates the fiux by simply summing the pixels in the portion indicated 
by the user. A linear continuum is also evaluated from both sides of the line and subtracted 
in the region of the line. The task returns the line center, continuum at the region center, 
core intensity, fiux above or below the continuum, and the equivalent width. I have chosen this 
manual method to have a better control on the flux measurement. Automatic methods, like the 



one used by Lamareille et al. (2006), can automatically flt all the emission lines and evaluate their 
flux. The lines are fitted simultaneously with severals gaussians centered in the lines position 
and with a of the same width. However, an important fraction of the flux can be lost in the 



case of non-gaussian lines if only the flux in the fitted gaussian is taken. Lamareille et al. (2006 ) 
have tested the reliability of their method in a sample of 11 galaxies. They have compared the 
EQW measured from the automatic software to those measured by hand with IRAF. They found 
that their automatic software perfectly recovers the fiux and EQW. However, this test has been 
done in a very small sample and a complete analysis with a larger sample may be required to 
definitively trust the measurements of automatic methods. 

3.2.3 The signal-to-noise 
Detection signal-to-noise 

The signal-to-noise of galaxy spectrum is given by the ratio at a given wavelength: 

S/N = (3.1) 

V i->sky ~r ^obj 

In the regions with strong sky lines, the target spectrum can be affected by bad sky extraction, see 



Fig. 3.5 In the case of gaussian noise, only regions with S/N> 3 are considered to be detected, 
since they have a probability superior to 95% of detection. For other noise distribution, such as 
the Poisson noise, higher detection limit are commonly used, e.g. S/N>5 . Regions with S/N<3 
are not proper to derive physical quantities due to the high uncertainty on their detection. 
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Figure 3.3: The same galaxy as the previous Fig, but only the spectrum from the gaseous phase is 
plotted. The stellar component has been subtracted using the method of full spectra fitting. The grey 
region corresponds to the position of sky absorption. The emission lines from gas can be directly measured 
using for example the IRAF package splot. The physical process which produce this kind of line 
profile will be discussed in the next section. 



S/N of an emission lines 

The S/N of a emission line can be defined as the ratio between the total flux in the line Fune 
and the noise in the pseudo-continuum a ( Flores et al. 2006 ) . 



< S/N >-- 



Fir 



(3.2) 



The S/N is normalized by the number of spectral resolution elements n in which the emission 
line is spread. 



3.3 What is the resolution needed to derive a physical quantity? 



In several papers, our team has pointed out the necessity of having at least moderate spectral 
resolution (R>1000) and S/N (>10) to retrieve reliable integrated properties such as extinction, 
star formation rate and metallicities ( [Liang et al.||2004b Hammer|2005 Hammer et al.|2005 ). In 
Liang et al. ( 2004b ) , the authors have compared the SFR and extinction derived from low spectral 
resolution observation from the CFRS (A ~40A ) to moderate spectral resolution observation 
from the F0RS2/VLT (A ~10A) in a representative sample of low redshift galaxies. They 
found that low spectral resolution observations induce large biases in the derivation of SFR and 



extinction, as illustrated in Fig 3.6 



These discrepancies are due to systematic errors in the measurement of the emission line 
fluxes in low resolution spectra: 
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Figure 3.4: [OIII]A5007A lines from a distant galaxy in the F0RS2-IMAGES sample. The line cannot 
be fitted by a simple gaussian. To correctly fit the line, the function must be at least a two gaussians 
component profile. 
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Figure 3.5: LeftilD Spectra of a galaxy after sky subtraction. Right : ID spectrum of the sky spectrum 
in counts. The emission lines from the galaxy have the similar intensity than the sky continuum in the 
region without strong sky lines. 



Dilution of emission lines. The emission lines are hidden or diluted in the low resolution 
spectra. For example, faint H/3 lines can be completely diluted by the underlying Hf3 



absorption line, see Fig, 3.7 In such a case, it is not possible to calculate the extinction 
from the ratio of Balmer lines, see Chapter 1. In low resolution spectra, the evaluation of 
the underlying absorption of Balmer lines is difficult to measure. 

Blended Ha and Nil emission lines. At very low spectral resolution, as in the case 



of the CFRS spectra, the Ha and [N11]AA6548,6584 lines are blended, see Fig 3.7 It is 
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Figure 3.6: Comparison between the SFRs of the galaxies obtained from the low-resolution CFRS spectra 
(SFR CFRS) and higher quality spectra (SFR VLT/CFHT) studied in this work. The inset zoom the 
(0,0) region. The red-symbols are galaxies with only Ha line visible and the blue symbols represent 



normal emission galaxies From Liang et al. ( 2004b ) 



thus not possible to measure the flux of the Ha line. Some authors, Tresse &: Maddox 



(19981) have proposed a calibration of the Ha flux. Unfortunately, the ratio between Ha 



and [NII]AA6584,6 depends on the metallicity and the ionization parameter, see section 
4.3.4. The calibration may only work in samples of galaxies with the same properties as 
the calibration sample. 



However, Lamareille et al. (2006) have argued that it is possible to retrieve reliable fluxes 



in low resolution data. They have downgraded moderate spectral resolution data to lower 
resolution, R=250 and R=500 and found almost no dispersion or offset between the fluxes 
measured in the different spectra. This result is in contradiction with Liang et al. (2004b). 



Below, I investigate the influence of the spectral resolution with a new galaxy sample. 



New study comparing moderate and low^ spectral resolution spectroscopy 



I have investigated the issue of the spectral resolution using a similar approach to Liang et al. 



(2004b): extinction and metallicity are derived from medium and low resolution spectra and are 



compared to those derived from higher spectral resolution spectra. I have searched in the archives 



low spectral resolution spectra for each of the Sample A objects. Table [373] shows the properties 
and source of the low resolution (LR), medium resolution (MR) and high resolution (HR) sample. 
For the medium spectral resolution spectra, the flux of [Oil], H^, H(3 and the [OIII] lines have 
been measured following the same methodology as the one applied to the IMAGES-F0RS2 
sample, see Part I Chapter 3. After masking the emission lines, the continuum has been smoothed 
and adjusted to a linear combination of stellar population. The emission lines are measured in 
the continuum subtracted spectra. The adjustment of the continuum is reasonably good in the 



blue part of the spectra, but the fit quality decreases at redder wavelengths, see Figure |3.8 
The decrease of the signal-to-noise at wavelengths above ~8000A is due to the emergence of 
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Figure 3.7: a), b) Rest-frame spectra of CFRS03.0711 from the VLT observation around Hp and Ha 
wavelength! positions; c) , d) the corresponding low-resolution CFRS spectra. The H[3 and [OIII] emission 
line lines are completely diluted in the low resolution spectra. At red wavelength the Ha line is blended 
to the Nil AA 6584,6548 lines. FromlLiang et all (|2004b|). 



strong sky lines at this wavelengths. The quality of the sky extraction degrades with decreasing 
spectral resolution observation. 



Sample 


Low R 


Medium R 


High R 


Spectral R 


250 


500 


1200 


Number 


33 


6 


33 


Survey 


LR GOODS 


MR GOODS 


IMAGES 




VVDS 






Instrument 


VIMOS 


VIMOS 


F0RS2 


Reference 


Popesso et al. 2009 


Popesso et al. 2009 


This work 




Le Fevre et al. 2005 







Table 3.3: Description of the low, medium and high spectral resolution samples. 

For the low R spectra it was not possible to fit the continuum and extract reliably the 
underlying stellar absorption in Balmer lines. Like the medium R spectra, these spectra suffer 
from very low signal-to-noise levels in the red part of the spectra. The flux of [OIII] and if/3 
lines have thus large uncertainties due to the strong sky lines. 



Figure 3.9 left panel compares the extinction estimated from the H^/Hp ratio measured 
in the F0RS2 spectra (HR R~1000) and in medium resolution spectra (red symbols) and low 
resolution spectra (black). There is no correlation between the two estimations. This study 
shows that it is not possible to measure reliable extinction from spectra with R<1000, as pre- 
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Figure 3.8: Medium R spectrum from GOODS- VIMOS at rest-frame. Emission lines have been masked 
(regions set to zero) and the continuum has been smoothed to enhance the absorption features. The 
fitted synthetic spectrum is shown in red-dashed hne. The spectrum is very noisy above ~ 4600A in 
rest-frame (~8000A at observed-frame) due to the emergence of strong sky lines. 



viously found by Liang et al. (2004b). I have measured the metallicity from the i?23 parameter, 



defined as the flux ratio between [OII]A3727-F[OIII]AA4959,5007 over Hj3 (see section 4.3.4). 
The metaUicities derived from the R~500 data are similar to those derived from the F0RS2 
spectra. The metaUicities from the low resolution spectra are systematically overestimated, 

A{Log{0/H) + 12) = +0.27 dex, see Fig|3^ rig ht panel. 

This study confirms the previous result of Liang et al. (2004b): the necessity of having 



moderate spectral resolution (R>1000) and S/N (>10) to retrieve reliable integrated properties. 
The discrepancy with [Lamareille et al. ( 2006| ) may arise from an error of methology in the 
Lamareille et al. (2006) test. In fact, they have downgraded the resolution of sky subtracted 



spectra into lower resolution while Liang et al. ( 2004b ) and this analysis use real low-R data. The 



downgraded sky subtracted spectra have better signal-to-noise than the real low R observation 
because they do not account for the issue of the sky subtraction in low resolution spectrum. 
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Figure 3.9: Left: Comparison of tlie extinction derived from F0RS2 data {Ay HR high resolution) and 
those measured in lower resolution data. The red symbol are the observation from medium R, R^500 and 
the black symbols stand for low resolution data R^250. The plain line is the identity. Right: Metallicity 
derived from the F0RS2 data (HR) versus those derived from lower resolution spectra (LR). The color 
symbol are the same as the previous figure. The metallicity have been estimated from the -R23 ratio. The 
emission lines have been corrected from the extinction. For the low and med-R, as it was not possible 
to measure directly the extinction from the spectrum, a constant Ay=1.57, which corresponds to the 
medium Ay of the IMAGES sample from the high R spectra has been assumed. The metallicity derived 
from low resolution data is systematically overestimated compared to those measure on medium or high 
resolution spectra. 
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Fundamental integrated properties 
of distant galaxies 



Caminante son tus huellas 
el camino y nada mas; 
caminante no hay camino 
se hace camino al andar. 

al andar se hace camino, 
y al volver la vista atras 
se ve la senda que nunca 
se ha de volver a pisar. 

Caminante no hay camino 
sino estelas en la mar. 

Antonio Machado 
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Chapter 1 

IMAGES survey 



The studies on the evolution of the star formation rate ( Flores et al.||1999 [Chary &: Elbaz|[2001 ) 



and of the steUar mass densities (Cole et al. 2001 Drory et al. 2004, e.g.) have revealed that 



in present-day galaxies, 30 to 50% of the baryonic mass locked into stars has condensed at z < 
1. This evolution is mostly associated with the evolution of intermediate mass galaxies, with 
stellar mass between 1.45 - 15 x 10^° Mq ( [Hammer et al.|2005[[Bell et al.|2005| . As disk galaxies 
represent 70% of intermediate mass galaxies in the local Universe, intermediate mass galaxies 
at z ~ 0.6 appear to be the likeliest progenitors of the present day spiral galaxies. 

The 8-10 meter class telescopes allow us to scrutinize the structure of distant galaxies in de- 
tail for the first time. The ESO large program IMAGES "Intermediate MAss Galaxy Evolution 
Sequences" (Principal Investigator F. Hammer) investigates the evolution of the main global 
properties from z~0.9 to the local Universe using a representative sample of local spiral progen- 
itors at z ~ 0.6. The IMAGES strategy aims at reconstituting the puzzle of galaxy evolution, 
linking by continuity in time the properties of local objects to those of intermediate redshift 
ancestors. This is possible because the IMAGES sample has been selected in baryonic mass 
(paper in progress). In a closed system, mass is conserved as a function of time: even if galaxies 
are not closed systems in a strict sense, selecting galaxies in baryonic mass allows us to establish 
a first order causal link between galaxy populations at different epochs. A fully observational 
scenario of galaxy evolution, and ultimately of their formation, can then be constructed. 



1.1 The IMAGES survey 

Philosophy of the survey 

The objective of IMAGES survey is to gather the maximum of observational constrain of a 
relatively small, but representative, sample of z ~ 0.6 intermediate mass galaxies. The IMAGES 
survey distinguishes from the other intermediate redshift surveys by its selection method. The 
sample is small when compared with large surveys as GOODS or CombolT. These very large 
surveys aim to minimize statistical uncertainty (for 1000 galaxies, ^/N /N is 1%). However, 
they are limited by the inevitable use of automatic methods which can induce large bias, at 



an order of magnitude almost equal to that of the signal to be measured (Liang et al. 2006a 



Puech et al. 2008). On contrary, the IMAGES team have chosen to define a smaller number of 
targets which allow a careful and detailed analysis including spatially-resolved kinematics. The 
IMAGES sample certainly faces the small statistic issue (for 100 galaxies, \/iV /N is 10%) but 
this drawback can be compensate by an efficient control of the selection effect. 
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Sample selection 

A sample of ~100 galaxies has been selected on the sole basis of their absolute magnitude in 
J band, Mj < -20.3 corresponding to a Msteiiar = 1-5 x 1O^°M0 and their redshift 0.4 < 
z < 0.9. To avoid systematic from the cosmic variance the targets have been gathered in three 
cosmological fields. The represent ativity of the selected galaxies to the luminosity function at 
the given redshift has been verified by comparing their luminosity distribution with luminosity 
function derived by large surveys. 



Observations 



In the framework of IMAGES survey and GIRAFFE GTO time, about 100 galaxies have been 



observed with GIRAFFE an integral field spectrograph at the VLT, see Fig. 2.13 Each galaxy 
has been observed during 8 to 24 hours. The integral field spectroscopy allows us to derive the 
spatially resolved kinematic of their ionized gas. In addition, around 200 galaxies have been 
observed with long slit spectroscopy at moderate spectral resolution from F0RS2/VLT, see 
details of the observation in the next chapter. These new set of observations offer unprecedent 
constrains on the kinematics & velocity field, gas chemistry and stellar population of intermediate 
redshift galaxies. 
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Figure 1.1: GIRAFFE is a multi-object integral field spectrograph able to observe 15 target over a 
20 arcmin field-of-view (Upper panel). Each galaxy is observed in up to 20 small apertures or micro- 
lenses, each of them providing a spectrum at high resolution (R=13000), see bottom-right panel. In the 
illustration (Bottom-center panel), the Oil doublet is well resolved, and each line can be used to trace 
the velocity and the dispersion of an individual galaxy region. 
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Complementary data from literature 



The bulk of the VLT/GIRAFFE observations and ah the F0RS2 observations have been car- 
ried out in the cosmological field Chandra Deep Field South (CDF-S)[^ The CDFS is a widely 
surveyed region which has been observed with an unprecedented depth and coverage by ground- 
based and space telescopes, e.g. large surveys GEMS, COMBO-17, VVDS and GOODS. The 
Great Observatories Origins Deep Survey (GOODS) is the principal survey in the field with a 
covering of 150 arcmin square. It combines imagery and spectroscopy observations, from Radio 



to X ray, from a wide number of instruments of NASA, ESO and ESA observatories (Dickinson 
et al. 2003), see summarize of the GOODS observations in table [lT] The ACS/HST data from 
GOODS provide details of few hundred of parsecs in IMAGES galaxies and a small region has 
a very deep ACS imagery, exposure time ~100 hours per filter, the Ultra Deep Field. 



Instrument 


Spectral domain 


Observation 


Reference 


ACS@HST 


U, B, V, I 


Imagery 




Giavahsco et al.| (j2004p 


WFI@2.2m-ESO 


U, B, V, R, I 


Imagery 


Arnouts et al. (2001) 


ISAAC@VLT 


J, H, K 


Imagery 


Retzlaff et al. (2010) 


SOFI@NTT 


J, H 


Imagery 


Vandame et al. (2001) 


IRAC@Spitzer 


3.6, 4.5, 5.8 and 8.0//m 


Imagery 


Dickinson et al. in prep 


MIPS@Spitzer 


24/um 


Imagery 


Chary et al. (2004) 


PACS@Herchel 


100 and 160/im 


Imagery 


PI : Elbaz 








Observation in progress 


VIMOS@VLT 


Optical 


Spectroscopy 


Popesso et al. (2009) 








Balestra et al. (2010) 


FORS@VLT 


Optical 


Spectroscopy 


VanzeUa et al. (2008) 



Table 1.1: The GOODS observations 



The GOODS extensive spectroscopic campaign at VLT with F0RS2 and VIMOS collected 
~2700 secure source redshifts. This catalogue has been used to pre-select the targets, in the 
IMAGES survey, for the GIRAFFE observations which need secure redshift determination. Nev- 
ertheless, GOODs spectra have low spectral resolution and low signal-to-noise and they are thus 



inappropriate to estimate reliable extinction or metallicity in the CDFS galaxies (Liang et al. 



2004b ). It is the reason why IMAGES observed a sample of ~300 galaxies with F0RS2 at higher 



spectral resolution and higher signal-to-noise. 

IMAGES a unique sample of intermediate redshift galaxies 

The IMAGEs survey is at the current date the only sample of intermediate redshift galaxies 
which combine spatially resolved kinematics at 2-3 Kpc scale, deep imagery from the Hubble 
space telescope giving morphological details at 100 pc scale and moderate spectral resolution 
spectroscopy observation allowing the measurement of integrated properties such as metallicity 



and extinction, see Fig. 1.2, In this framework, we have designed and implemented a set of 



new methodologies to derive properly the physical parameters from the observation of distant 



galaxies, see review Hammer et al. (2009c) and Chapter 3 of Introduction part. 



^The Chandra Deep Field South (CDF-S) is one of the most depth observation of the X-ray sateUite Chandra. It 
covers a field of view of 0.11 degrees square in the Formaz constellation, around the central point AR=3h32m28.0s, 
Dec=-27h48m30s (J2000) 
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Dust - Star formation 



Kinematics 



Metalllclty - stellar population 



VLT/FORS2 



Spitzer 
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Figure 1.2: The instrumental set-up used by tlie IMAGES survey and the related observed quantities. 
The VLT/F0RS2 and VLT/GIRAFFE observation are private observation from the IMAGES survey. 
The other observation arise mainly from the GOODS survey. 



1.2 Observational evidence for the main role of merger 

At a first order, galaxies are self-graviting systems, wliich can be described by at least three 
fundamental parameters, i.e., their (total) mass, velocity (including both bulk and random 
motions), and size. Scaling relations between these parameters or their proxies are therefore 
fundamental tools to characterize galaxy evolution. We have thus derived integrated properties 
of all the IMAGES galaxies, including their stellar mass, gas fraction ( Puech et al.|2010 ), and gas 
metallicities (Rodrigues et al. 2008) and studied the evolution of the scaling relations, such as 



Tully-Fisher relation ( Puech et al.||2008 2010), the mass-metallicity (Rodrigues eraL][2008l ) and 
between specific angular momentum and stellar mass (Puech et al. 2007b >. From the resolved 



kinematics observations, we have inferred the dynamical state of the galaxies observed with 
GIRAFFE (Yang et al. 2008). In addition, we have carried out a meticulous classification of 
their morphologies (Neichel et al. 2008; Delgado-Serrano et al. 2010). I summarize below the 



main results found by IMAGES team about the global properties of intermediate mass galaxies 
at z~0.6: 



1. 



Among the 63 z=0.4-0.75 galaxies observed by GIRAFFE, most of them show anomalous 
kinematics (Yang et al. 2008), see Figure 1.3 Accounting for the whole population of 
z ~ 0.6 galaxies, this reveals 33% of rotating disks, while 41% have anomalous kinematics, 
including 26% with complex velocities. Thus galaxy kinematics evolve strongly since the 
last 6 Gyr. 



2. In Delgado-Serrano et al. (2010), we have compared a representative sample of local galax- 



ies from the SDSS to the HST/ACS observations of IMAGES galaxies. Inspections of the 
morphologies evidence that galaxies have strongly evolved. Peculiar galaxies represent half 
of z=0.65 galaxies, while the fraction of early type galaxies is similar to that at z=0 (see 
Figure 1.4). It means that more than half of the progenitors of present-day spirals are 
peculiar galaxies at z=0.65. 

3. The stellar-mass Tully Fisher relation found shows a much larger scatter (0.63dex) than 



that from local spirals (0.12dex), similarly to what is found from slit measurements (Flores 
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et al. 2006 Puech et al. 2006). It has been convincingly shown that a tight Tully Fisher 
relation still hold for rotational disks and then that all the scatter is related to galaxies 
with anomalous kinematics, principally those with complex kinematics. Adding the gas 
mass for the sample of 33 z=0.65 galaxies, we have been able to derive, for the first time, 
the evolution of the baryonic Tully Fisher relation (Puech et al. 2010). Although the 



result is based on only 7 distant rotating disks, they fall exactly onto the local relation. If 
confirmed, this result is quite fundamental to link local disks to their progenitors, 6 Giga- 
years ago. Rotating disks at z=0.65 could have already assembled all their baryonic mass? 
(gas and stars) , and may have evolved into the present-day spirals simply by transforming 
two-thirds of their gaseous content into stars during the 6 Giga-years elapsed time. 
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Figure 1.3: It illustrates three different examples (or class) of kinematical properties of distant galaxies. 
The upper row shows a rotating disk showing a dynamical axis aligned with the optical axis. Because of 
the low spatial resolution most of the gradient between the two extreme velocities provides a dispersion 
peak (see 3rd and 6th panels from the left) just at the centre of the velocity field and of the galaxy, 
i.e. the centre of rotation. Velocity models assume the inclination from the optical image and a velocity 
gradient from the observations. The middle row shows a galaxy with an almost aligned dynamical axis, 
thus indicative of a rotation. However the dispersion peak falls far from the centre of rotation, indeed 
far from any optical emission of the galaxy. This is indicative of a strong disturbance of the gaseous 
emission, probably due to shocks in gas flows, which perturbs the rotation (called perturbed rotation, 
PR). In the bottom row, the kinematics is complex (called complex kinematics, CK) from both velocity 
field and dispersion maps. 



The study of the fundamental quantities of the IMAGES samples have put on evidence the 
strong evolution of intermediate- mass galaxies at z=0.6 in terms of morphologies (Neichel et al. 
2008; Delgado- Serrano et al. 2010), kinematics, star formation and gas & metal content (current 
work and Rodrigues et al.| ( |2008| )) and reveals that nearly half of them are systems not yet 
dynamically relaxed. These observations suggest that merging is an important process that 
shaped the early evolution of the present-day galaxies. 



1.3 Modeling individual galaxies 

All this observations have lead us to the following questions: Can we explain the local Hubble 
sequence by the evolution of merger remanent occurred between 0.6<z<1.4? In particular, can 
we forme the local spiral galaxies from the perturbed and disrupted population of star-forming 
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Figure 1.4: Morphologies of galaxies at z=0 (top) and z=0.65 (bottom) from Delgado-Serrano et al. 
(20101. Each stamps represents 5% of the Mj < —20.3 galaxy population and are 3-colors composite of 
u, g and r or of v, i and z bands, respectively. The fraction of regular spirals has significantly increased 
since 6 Gyr, while for early- type (E/SO) it appears unchanged. At least half of the present-day spirals 
have a progenitor which is peculiar at z=0.65. 
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galaxies at z=0.6? To answer to these questions we have started a large project of modeling 
IMAGES galaxies with the same detail than local galaxies to identify the types of merging 
episodes that end up as a disk galaxy. The team has already modeled 6 galaxies and more 
object are in progress ( Puech et al.||2007a 2009; Yang et ar]|2009 Hammer et al.||2009b Peirani 



et al. 2009; Fuentes-Carrera et al. 2010b), see illustration of four examples in Fig 



1.5 





Figure 1.5: Three color images from ACS/HST and superimposed velocity field from GIRAFFE/VLT 



for four modeled IMAGES galaxies, a) Puech et al. (2009) demonstrated that the presence of ionized 
gas without stars near a highly asymmetric disk can be only reproduced by a remnant of a merger. 



b) Hammer et al. (2009b I identified a compact LIRG dominated by a dust-enshrouded compact disk 
that surrounds a blue, centered helix (so-called 'two arms-plus-bar' structure). We interpret this helix 
structure as regulating the exchanges of the angular momentum and possibly stabilizing the new disk. 
Indeed, gas inflows along a helix are usual in simulations of mergers, especially in inclined and polar 
orbits. This gas-rich galaxy appears to be an archetype of disk rebuilding after a 1:1 or a 3:1 merger with 



an inclined orbit, c) Peirani et al. (20091 identified a giant and star-bursting bar induced by a 3:1 merger. 



and simulated both morphologies and the off-centre dynamical axis. In this case, the gas pressured in the 



tidally formed bar has condensed into young and blue stars, d) Puech et al. (2007a) have demonstrated 
that spatially resolved kinematics is sufficiently sensitive to detect the infall of a 1:18 satellite in a z = 
0.667 galaxy. The superimposed map is the dispersion map. 



We took advantage of the unprecedented amount of observational constrains to model indi- 
vidually distant galaxies using modern simulations with hydrodynamic code. The joint analysis 
of morphological information with kinematical studies and spectral information is essential to 
properly characterize distant galaxies to avoid misinterpretations caused by the lack of resolu- 
tion at higher redshift. We have used modern simulation codes such as GADGET and ZENO 

which account for the hydro-dynamics of the gas as well as for the 
collision-less star and dark matter components. These models are now mature enough to be able 
to reproduce nearby mergers accurately (Barnes & Hibbard 2009). 



(Springel||2005 Barnes|[2002 
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1.4 Is the Hubble sequence compatible with a merger scenario? 



In Hammer et al. (2009a), we considered the possibility that the formation of the Hubble sequence 
relies to a large extent on past merger events. We used a sample of objects around z = 0.65 
for which we have both morphology from the HST and high quality kinematics (both velocity 
field and 2D velocity dispersion maps) and compared them with simulation results varying the 
viewing angles to obtain the best fits. Although we cannot of course prove that the origin of 
these objects is a merger, we can safely say that their observed properties are well compatible 
with them being a merger or their remnants. This result was reached using all available data, 
i.e. our comparisons included morphology, mean velocities and dispersions. 

A merger origin of the Hubble sequence is closely linked to the disk rebuilding scenario, which 
has been successfully argued both from the observational point of view and from simulations. 
The disk rebuilding scenario proposes a merger origin for spirals and, by extension, of the whole 
Hubble sequence, from ellipticals (Toomre &: Toomre 1972; Toomre 1981; Barnes & Hernquist 



1992) to late type spirals, see Figure 1.6 This scenario has been proposed by Hammer et al 
(2005) to conciliate the coeval evolution of star formation, stellar mass assembly, fraction of 
peculiar galaxies, interacting pair statistics and gas content. The disk rebuilding scenario is 



supported by the recent advances in numerical simulations of a merger (Barnes 2002 


Springel 


&; Hernquist 


2005 


Robertson et al. 


2006 


Lotz et al. 2008 


Hopkins et al. 


2009 


) which show 



that gas-rich mergers (gas fraction larger than 50%) may produce a new disk in their remnant 
phase, and that such a new disk is mainly supported by the orbital angular momentum provided 
by the collision. From the gas fractions of peculiar galaxies at z~l, we have quantitatively 



estimated the gas fractions of their progenitors (Hammer et al. 2009a Puech et al. 2010). We 
have concluded that more than a third of the galaxy population about 6 Gyr ago was sufficiently 
gas rich to rebuild a disk after the merger. Thus our work argues that a merger origin of the 
Hubble sequence, although it has not yet been proven, is a plausible alternative or channel for 
the formation of large disks. 
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Merger s / i nt erac t iiig phase: 
DuriuK the IhsI 8 Gyrs, most, lu- 
minous galaxies aie expected to 
havp pxppripiirpii a major mprgpr. 
During a major collision with a 
companion with mass above 1/4 
of the main galaxy mass, the disk 
is naturally supprpssod as matter 
is falling to the mass baryceiiter, 
producing a compact morphology. 
Associated with short ( 0.1 Gyr) 
and strong peaks of star formation 
(most of them arc LIRGs) 



Compact, {jalaxy phase: 
llergcr remnants linked to the for- 
mation of a significant fraction of 
stars in bulges : they show very 
blue centra] colours. Correspond 
to a decrease over 0.6-2 Gyr of 
the enhanced star formation due 
to the merging. Additional oc- 
currence of {^as infall may subse- 
quently wrap around the bulge to 
form a new disk-like component as 
seen in many LC'Gs. 



Growtb of disk phase; 
The star formation spreads o\'er 
the entire forming disk as fed by 
largo amounts of gas infall (from 
internal reservoir or accreted from 
the vicinity). Some of tliem show 
irregularities, which is interpreted 
to be related to minor merger 
events. Most distant spirals show 
a core much bluer indicating a 
recent and active star formation. 



Figure 1.6: The three stages of the formation of local disk according to the spiral rebuilding scenario: 

1) Phase of merger. The progenitor disks are destroyed and the majority of the matter falls toward 
the center of mass of the interacting system. It produces a short and intense burst of star formation. 

2) Compact phase. The merger remanent is associated to the formation of a bulge. It may correspond 
to a Luminous Compact Galaxy (LCG). 3) Disk rebuild. The gas expelled in the first stages of the 
interaction falls into the merger remanent and reformed a disk. It provokes a moderate burst in the 



rebuilding disk. From Hammer et al. (2005). 
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Chapter 2 

FORS2 observations and sample 



During my thesis, I have been in charge of the data reduction, analysis and interpretation of 
the F0RS2 observations of the IMAGES survey. I describe in this chapter the F0RS2 
observations and the construction of my main working sample: Sample A a sub-sample of the 
58 F0RS2 targets for which I have measured the metallicity of their gas phase. 



Contents 

2.1 FORS2 Observations [65] 

2.2 Data reduction (67] 

2.2.1 Flux calibration |69l 

2.2.2 Aperture correction |69] 

2.3 The FORS2/IMAGES sample [Ml 

2.3.1 Spectroscopic catalogue |69l 

2.3.2 Photometry catalogue [72] 

2.3.3 The F0RS2-IMAGES database [76] 

2.4 The Metallicity sample [76] 

2.4.1 Construction of the sample [76] 

2.4.2 Representativity and completeness [79] 



2.1 FORS2 Observations 

F0RS2, FOcal Reducer/low dispersion Spectrograph 2, is a multi mode instrument mounted 
in the Cassegrain focus of UTl of the Very Large Telescope (see Figure |2.1| for the mechanic 
schematic). It offers three modes of utilization : Imagery (IMA, OCC modes), long slit spec- 
troscopy (LSS) and multi-object spectroscopy (MXU and MOS mode). The F0RS2 data of the 
IMAGES survey have been acquired with the MXU mode, one of the two multi-object spec- 
troscopy modes. In this mode, the instrument load in the mask section a pre-prepared mask 
with slits for a large number of objects. The mask is designed with an appropriate software 
FORS Instrumental Mask Simulator - FIMS. The user can chose the number, position, width 
and length of the slits. The mask is then manufactured with a laser cutting machine Mask 
Manufacturing Unit of the VIMOS instrument (MMU) and loaded in the Mask Exchange Unit 
- MXU. 

A sample of Intermediate mass galaxies {Iab < 23.5 mag, see Chapter 1) have been randomly 
selected in four 6'8 x 6'8 fields of the CDFS field. The selection of the objects and the preparation 
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Figure 2.1: Scheme of F0RS2. The instrument is composed by three sections : Mask section The 
mask device for spectroscopic modes is located on the top section of the instrument. It carries a multi- 
object spectroscope (MOS), a long slit system a unit of tunable mask (MXU) and two calibration units. 
The collimator section The collimator section is composed by two exchangeable collimators with 
f=1233mm and f=612mm. The spatial resolution of the instrument is defined by the selected collimator. 
The resulting field of view is 6.8'x6.8' with the standard resolution collimator (SR) and 4.2'x4.2' with 
the high resolution collimator (HR). The filter and detector section This section is composed by a 
filter wheel, which allows to select among a set of filters during imagery or spectroscopic observations, a 
grism wheel and a detector. The large number of grism available on the grism wheel allows to have at 
disposal a wide number of observational configurations for the spectroscopic mode : Spectral resolution 
from R=260 to 2600 and wavelength coverage included from 330nm to llOnm. The F0RS2 detector is a 
mosaic of two 2kx4k CCDs with a pixel size of 15 x Ibfim? 
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of the slit masks have been performed using the GOODS catalogue ( Giavalisco et al.||2004 ) and 
the F0RS2 pre-images (see Fig. 2.2). The arrangement of the slits were optimized to improve 
the number of objects observed. Among the 270 slits which have been placed, 241 objects 
have Iab <23.5 mag. In order to sample the rest-frame 3700-5400A domain from z=0.35 to 
z=l, all the sample have been observed with two holographic grisms which characteristics are 
summarized in Table 2.1 The minimum exposure time of each object in each grism is around 



3 hours. The combination of 600z and 600RI grism allows us to detect lines from [OII]A3727A 
to [OIIIJA5007A which are essential to derive the extinction and metallicity of galaxies gaseous 
phase. Moreover, the spectral resolution (R~ 1200) offered by the two grisms is large enough to 
analyze the stellar populations and to properly establish the extinction from Balmer lines ratio 
unaffected by Balmer underlying absorption. The set of 16h of observations have been carried 
in service mode and with the constrain of seeing (< 0.8") and sky transparency (photometric) 



imposed by the IMAGES survey. Table 2.2 register all the F0RS2 observations 



Grism 


^central 


Ai 


As 


Dispersion 


Resolution 


Filter 


GRIS_600RI+19 


6780 


5120 


8450 


0.83 


1000 


GG435 


GRIS_600Z+23 


9010 


7370 


10700 


0.81 


1390 


OG590 



Table 2.1: Spectroscopic properties of the grism used in the F0RS2-IMAGES survey 



Field CDFS 


Mask 


Filter 


Exposure time(min) 


N exposures 


Fieldl 


M059P76 


600RI 


176 


4 


Fieldl 


M059P76 


600Z 


176 


4 


Fieldl 


M45MASK01 


600RI 


132 


3 


Fieldl 


M45MASK01 


600Z 


220 


5 


Field 2 


M060P75 


600RI 


132 


3 


Field 2 


M060P75 


600Z 


132 


3 


Field 2 


M045MASK02 


600RI 


88 


2 


Field 3 


M062P75 


600RI 


132 


3 


Field 3 


M062P75 


600Z 


132 


3 


Field 3 


M045Masque03 


600RI 


132 


3 


Field 4 


M043mask04 


600RI 


132 


3 


Field 4 


M056P75M04 


600RI 


132 


3 


Field 4 


M056P75M04 


600Z 


132 


3 


Field 4 


M065P75 


600RI 


132 


3 


Field 4 


M065P75 


600Z 


132 


3 


Field 5 


M063P75 


600RI 


132 


3 


Field 5 


M063P75 


600Z 


132 


3 


Field 5 


M44mask05 


600Z 


132 


3 



Table 2.2: Journal of observations 



2.2 Data reduction 

I have followed the usual procedure to reduce multi-object spectroscopy data. However, as the 
observed target are faint galaxies, the procedure has been optimized to recover the maximum of 
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Figure 2.2: F0RS2 pre-image with the FIMS mask overplotted. 



photons from the galaxies. I used the Multired package for IRAF written by G. Le Fevre and 
optimized by H.Flores. The reduction |^ included the following correction and calibration : 



• Remove cosmic rays from an individual exposure with the lacos spec package in IRAF ( van 
Dokkum|[200T| . 



Correction of the instrumental distortion 

Bias and Flat correction. The flat is adjusted by a spline function which order minimize 
the rms. 

Extraction of the 2D spectra from the individual exposures. The slit position has been 
previously detected with Sextractor in the slit image. Due to an error of fabrication, an 
offset of the beam of light is induced by the GRISM600RI+19 grism. The position of the 
spectra in the raw exposure are offset by 140 pixels in the Y direction from the position of 
the slit on the mask. Around 21" of the field of view fall outside the CCD in the SR mode. 

Stack of the individual exposure and mask. The objects can be observed by severals mask 
configurations of the same field. The position of the object in the slit can vary from a 
mask to an other. I have implement a IRAF routine in the Multired package, multimask, 
which aligns the 2D spectra from various mask and combine the different exposition. I 
choose the stack the 2D spectra from different mask instead of stacking the ID spectra 
because this method increase the final signal to noise. 

Sky subtraction. I use the sky subtraction IRAF package for long slit spectroscopy on the 
individual 2D spectra. 

Extraction of the ID spectra in the combined 2D object spectrum and in the 2D calibration 
spectrum. The spectra have been extracted with a optimized aperture {3a of the light 



'Each grism is reduced individually 
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distribution) and the position of the spectrum in the 2D image have been fitted with a 
polynom. 

• Wavelength cahbration. The cahbration spectra are calibrated from the emission line 
identifications of the Neon-Argon-Helium, using a polynomial relation between pixel and 
wavelength. 
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Figure 2.3: Up: Raw 2D spectrum. The object spectrum is sightly visible. Middle: Extracted 2D sky 
spectrum. Down: Final 2D object spectrum after the sky substraction. The strong emission lines and a 
weak continum are clearly visible. 



2.2.1 Flux calibration 

The two flux calibrated spectra of each grism are combined to set the final spectrum. The spectra 
were flux calibrated using photometric standard stars. I have compared the spectrophotometry 
to HST/ACS photometry in V, I, Z bands and V, I, R in the EIS catalogue and found a good 
agreement, see flg )2.4[ 



2.2.2 Aperture correction 

In slit spectroscopy, part of the object light can be lost by the aperture. Indeed, the dimension 
of the object can be larger than those of the slit, see discussion in Chapter 3 of the Introduction 
part. The SFR estimated from the flux of emission lines do only account for the SFR in the 
region covered by the slit. To have the total SFR of the object, the line flux has to be corrected 
by an aperture factor. The correction assumes that the J^SFR, the SFR by unit of surface, is 
constant in all the galaxy. The aperture correction is calculated by comparing the flux measured 



in the spectrum to those give by isophotal photometry in one or several bands. Figure 2.5 shows 
the distribution of the covering fraction in F0RS2 data. The mean aperture correction of the 
F0RS2 galaxies is 3.10. 

fi 

^ ^ J Photo Y hand ^ -^■^ 

fspect TO 



2.3 The FORS2/IMAGES sample 
2.3.1 Spectroscopic catalogue 

At the end of the data reduction process, the F0RS2 sample is composed by 231 targets. Ten 
targets have not being extracted due to instrumental problems, as target falling outside the slit 
or dramatic sky extraction. For the remaining spectra, I have classifled them into a catalogue 
according to the redshift of the target and its spectral type. 
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Figure 2.4: Rest-frame spectrum of J033245. 11-274724.0 galaxy after flux calibration and aperture 
correction. Grey boxes delimit the wavelength region where spectra may be affected by strong sky lines. 
Up: The blue dots are the photometric point from HST/ACS photometry in V, I, Z bands and V, I, R in 
the EIS catalogue, see section [2. 3. 2[ Down: The position of the emission lines are marked with dashed 
vertical lines 



Redshift classification 

The redshift has been determined by the position of the severals strong emission lines and other 
absorption features in the spectrum, using the well known equation : 

z = ~ (2.2) 

^rest 
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Figure 2.5: Distribution of the covering fraction (inverse of the aperture correction defined in equation 
2.1) for the F0RS2 galaxies (black) and the sample used to measure metallicities (red). A minimum 
covering fractions larger than 20% may be needed to avoid aperture effects. 



I have associated to each redshift a quality flag denoting the reliability of the identiflcation, 



following Ravikumar et al. (2007): 



Secure (class = 2): contain more than two strong features; 

Insecure (1): contain either a strong feature with not very reliable supporting features, 
or with multiple features that are not strong enough to confirm the redshift, giving a 
confidence of only about 50% to the estimated redshift; 

Single emission-line (9): spectra with a single strong emission line without any other 
features. Redshifts are tentatively assigned for such cases. Typically this is the case where 
we are unable to differentiate [OII]A3727 and Ha emission lines. 



Class 


EL galaxy 


AL galaxy 


Star 


QSO 


Total 


% 


2 


141 


25 


19 


4 


192 


83 


1 


14 


18 






32 


14 


9 


7 








7 


3 


Total 


162 


43 


19 


4 


231 





Table 2.3: The number and type of objects in the redshift quality classes: secure (2) for spectra contain 
more than two strong features, insecure (1) when only one features was detected but with not very reliable 
supporting features, and single emission line (9) when the spectra had a single emission line without any 
features. EL stands for emission lines galaxies and AL for absorption line galaxies. 

From the 270 slits, 240 objects have identified redshift, giving a success rate of ~88%. For 



objects with Tab <23.5mag the success rate reached ~96%. In Fig 2.6, I have plotted the 



redshift histogram for all galaxies and QSO. The redshift distribution has a range of [0.01- 
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3.499] and a median value of 0.667. Two main peaks are visible in the redsliift distribution at 
z=0.670 and z=0.735. These peaks correspond to structures in the CDFS field, already identified 
in 



Ravikumar et al. (2007). 




Figure 2.6: Redshift distribution (bin=0.02) of the F0RS2-IMAGES sample, including the classes 
2(secure), 1 (insecure) and 9(single line). The two peaks at z=0.670 and z=0.735 correspond to structures 
in the CDFS field. 



Spectral type classification 

I have also classified the target according to their spectral type. The spectral classification 
is divided into four types (see Fig 2.7): a galaxy, split into emission line galaxies (ELG) and 
absorption line galaxies (ALG); quasars and stars. A spectra is classified as a emission line 
galaxy if the [OII]A3727A or Hp line have a EQW over ISA. Quasars are identified by their 
characteristic continuum, broad Mgll emission and Broad Balmer lines. Table |2.3| shows the 
number and type of objects in the different redshift quality classes. 



2.3.2 Photometry catalogue 

The CDFS field has been widely observed by UV to IR surveys (see Chapter 2). I have gath- 
ered photometric measurement for the 208 galaxies of the F0RS2-IMAGES sample by cross- 
correlating the sample with catalogues in public archive or extracting the sources from data 
release images. The photometry has been extracted in view of spectral energy distribution 
fitting. Therefore a special care has been taken to homogenize the photometry arising from 
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Figure 2.7: Examples from the IMAGES catalogue of the four spectral classes. Up-left: F0RS2 spec- 
trum of a typical AGN spectrum J033208.66-274794.4. Up-right: Star spectrum, J033205.58-274638.2. 
Down-left: Typical spectra of a emission line galaxy (ELG) J033225. 26-274524.0. Down-right: Ab- 
sorption line galaxy, J033230.07-275140.6 
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different instruments and at different wavelengtlis. Tlie pfiotometry lias been extracted witliin 



an aperture of 3" of diameter following the methodology of Puech et al. (2009) which takes 



into account PSF correction in the UV and IR band and carefully treats the calculation of the 
magnitude uncertainties. 



The catalogue and image archives 

For each of the following catalogues, I have extracted the photometry of the F0RS2-IMAGES 
galaxies by cross-correlating their coordinates with those of the catalogues. Only detection 
within 2" have been selected. All the detections have been verified by hand (and in all bands) 
and objects with possible flux contamination by neighbor sources have been flagged. In UV and 
mid-IR the direct photometric measurement need to be corrected from the PSF. Indeed, the 
PSF at these wavelength (GALEX and Spitzer) are larger than the photometric aperture. The 
PSF correction is derived by the theoretical PSF of the two instruments ( Morrissey et al.]|2007 
Puech et al.||2009[ See). 



The near- and far-UV photometry have been extract from the GALEX catalogue of Mor- 



rissey et al. (2007). The PSF of GALEX is larger than the 3" diameter aperture. I have 



corrected the extracted magnitudes by using the PSF correction given by Morrissey et al. 
(l2007|): -2.09 in NUV and -1.65 in FUV. 



The optical photometry from the ACS/HST in B(F435W), V(F606W), i(F755W) and 



z(F850LP) have been gathered from Giavalisco et al. (2004). The CDFS field has been 



partially observed by the Ultra Deep Field South (UDF-S). For the objects falling in the 
UDF-S I have used the photometry of the UDF catalogue (Beckwith et al. 2006). The 
isophotal magnitude in z-band have also been extracted. 

Additional visible photometry in U', U, B, V, R and I-band from ground-based observa- 



tion have been extracted from the EIS catalogue (Arnouts et al. 2001). The catalogue 



gives magnitudes in the Vega photometric system and the photometry is not corrected for 
extinction. I have converted the photometry into AB system and correct it for extinction 



following the indications of Arnouts et al. (2001). The corrective factors are tabulated in 



Table 2.3.2, Note that the photometry in the U' band is affected by large uncertainty due 
to the UV atmospheric cutoff at ~ 3200A. 

The near-IR photometry in J, H and K bands have been extracted from the GOODS- 



ISAAC catalogue Vandame et al. (2001). Due to the large uncertainty on the zero-point 



calibration of the GOODS H-band, we have used the revised calibration proposed by Wuyts 



et al. (2008) which add +0.14 mag in H-band. 



The mid-IR photometry can be extracted from the SIMPLE catalogue based on the 
GOODS-IRAC data release 3 (http://www.astro.yale.edu/dokkum/SIMPLE). However, 
the error on flux measurements in this catalogue are extremely small and may be under- 
estimated. I have re-extracted a catalogue from the GOODS-IRAC data release 3 images 
using the software S extractor. Table 2.3.2 shows the values of the zero point and the 
detector gain in each IRAC channel used by Sextractor. IRAC/Spitzer has a large PSF, 
the photometry has been corrected by a PSF correction given in table 2.3.2 The detail 



procedure to estimate the PSF correction in IRAC is described in Puech et al. (2009). I 



have compared the magnitudes of my new catalogue with those of SIMPLE and I have 
found a very good agreement. 
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The far-IR photometry at 24//m has been extracted by Hector Flores (private communica- 
tion) from the GOODS-MIPS data release 3 image. This catalogue is comparable to those 
of Le Floc'h et al. (2005) but reach slightly lower detection limit. Caution, the photometry 
given in the table is not corrected by the PSF. 



Band 


Vega to AB 


Extinction 


U' 


+0.80 


-0.05 


u 


+1.04 


-0.05 


B 


-0.11 


-0.05 


V 




-0.03 


R 


+0.19 


-0.02 


I 


+0.50 


-0.02 



Table 2.4: Correction to be applied at the EIS photometry to convert the photometry from Vega to 



AB system and to correct from extinction. From Arnouts et al. (20011 



Channel 


Wavelengh 


Zero point 


Detector gain 


PSF correction 




/im 


mag (AB) 


e/ADU 


mag 


1 


3.6 


22.416 


3.3 


-0.35 


2 


4.5 


22.195 


3.7 


-0.38 


3 


5.8 


20.603 


3.8 


-0.51 


4 


8.0 


21.781 


3.8 


-0.54 



Table 2.5: Values of the zero point magnitudes and detector gain used for the source extraction with 
Sextractor. From http://irsa.ipac.caltech.edu/data/GOODS/docs/goods_drl.html. The PSF corrections 



are given by Puech et al. ( 2009 1 



The photometry in all the available bands are tabulated in annex. All the magnitudes have 
been converted into AB system. 



Uncertainties 

As our aim is to extract consistent photometry from UV to mid-IR, the uncertainty on the 
magnitude of each band is not only given by the standard Poisson noise. The uncertainties 
arising from the different calibration between the instrument such as the zero-point and the 
uncertainties from the correction of the PSF have to be take into account. The total uncertainty 
of a photometric point is thus given by the quadratic sum on these three sources of uncertainties 
dPuech et ah][200^ : 

^ = \/^Poi.sson + ^ZP + ^PSF (2-3) 

Isophotal photometry 

The isophotal photometry can be derived from the 3" aperture photometry and the isophotal 
magnitude in z-band using the relation: 

{rriband - mz)iso = {rriband - mz)APER (2.4) 
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2.3.3 The FORS2-IMAGES database 

I have collected a large number of properties for the galaxies in the F0RS2 sample : multi- 
band photometry and imagery, spectroscopic properties as flux of emission lines fluxes and 
derived quantities (extinction, metallicity, star formation rate), observation logs, morphology 
and kinematic properties (Morphological type, bulge to disc ratio, velocity field, etc.). To 
organize all this information I have designed a database in MYSQL, a dedicate language to 
build databases. Each galaxy of the F0RS2 catalogue has an entrance in the database and it is 
associated to a wide range of observational properties. Insertion, actualization and queries are 
done with phpadmin a PHP front-page of MySQL database. 



phplnfo phpMyAdmin SQLiteManager FAQ Try MAMP PRO^ 



MftMP & MAMP PRO powered bv aposoriia GmbH 



ffl s g q 

Database 



-0RS2 (3} 



in I horizortal 



sliow :^ 30 row[sl' starting fram record # 30 

h^] mode and repeat headers after IQO cells 



(T) Page number [ i 



Sort by key; ' None 
+ Options 



id 


name 


type 


2 


spectre 


0113727 


EQWOII 


OIII4959 


Hg4340 


Hd41DD 


Hb4B6Z 


□ 




X 


1 


J033222.B4- 
275124.5 


emi 


0.9053 


yWmvriam/Fi6i*Fi6id2'CCD1/J033422.B4- 
275124. 5/JO... 


7101 

















□ 


J 


X 


2 


J033222.93- 
275104.5 


emi 


0.904 


/b/myriam/Fiei*Fieid2'COD1/J033222.93- 
275104.8/JO... 


7097 

















□ 




X 


3 


J[)33224.40- 
275154.1 


emi 


0.672 


/b/m¥riam/Fiei*Fieid2/COD1/J033224.40- 
275154.1/JO.. 


6233 


BO 





7255 





B12B 


n 




X 


4 


J033225.20- 
275100.1 


emi 


0.B41 


/b/myriam/Fiei*Fiei()aCCD1/J033225.2D- 
275100.1/JO... 


6B62 


209 





79BB 


7549 





□ 


J 


X 


5 


J033225.4B- 
2751 54. B 


emi 


0.672 


/Wmyriam/Fiei*Fiei<J2fCCD1/J033225.45- 
275154. B/JO... 


622B 


51 





7255 





B12B 


□ 




X 


s 


J03332S.2D- 
275110.5 


emi 


0.672 


;b/mvriam/Fiei*Fieid2/COD1/J033226.20- 
275110. 5/JO... 


6229 


55 











B123 


□ 




X 


7 


J033226.B7- 
275423.3 


emi 


9.99 


/Wmyriami'Fieid'Fieid2'CCD1/J033226.B7- 
275423.3/JO... 


6037 

















n 




X 


fl 


J[)33227.29- 
275131. B 




9.99 


yb/myriam/Fieid'Fieid2fCCD1/J033227.29- 
275131. a/JO... 




















□ 




X 


9 


J033227.3B- 
275015.9 


emi 


0.76B6 


/b/myriam/Fieid'Fieid2fOCD1/J033227.35- 
27501 5. 9/JO... 


6593 


77 





7675 


7254 


B59B 


□ 


J 


X 


10 


J033227.B7- 
275335.9 




9.99 


/b/myriam/FieidfFieid2fOOD1/J033227.e7- 
275335.9/JO... 




















□ 




X 


11 


J033327.93- 
275235.6 


abs 


9.99 


/b/myriarn/Fiei*FieidaCCD1/J033227.93- 
275235. B/JO... 




















□ 




X 


12 


Jl)3322B.09- 


abs 


9.99 


/Wmyriam/Fieid'FieidZ'CCD1/J03322B.O9- 





















I have also implemented a PHP webpage to allow for a quick presentation of all the main 
properties of a galaxies. The user can query galaxies by their coordinates, by their name or by 
their spectral classification. The php script sends the query to the MYSQL database and prints 
the result of the query in a php page with link to the individual page of each galaxy. I have 
designed two versions of the page showing the individual galaxy properties. Fig. |2.3.3| and |2.9[ 
The final output is still on discussion. The database is not public and it runs in a local apache 
and MySQL server. 

2.4 The Metallicity sample 

The main purpose of the F0RS2 observations is to derive the metallicity of the gas in inter- 
mediate mass galaxies at z ~ 0.6. I have gathered from the F0RS2 catalogue a subsample of 
emission line galaxies for the study of the gas content. 

2.4.1 Construction of the sample 

In order to derive metallicities, some specific emission lines are required, such as [Oil], II/3 and 
[OIII] emission lines. I have classified the emission line galaxies into 5 subcategories depending 
on the availability of emission lines. 
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J03324S.1 1-274724.0 

General Parameters 

AR : 53.18795013 DEC : -27.7B9999I)1 1 : 0.4357 Reds hiift classification : 2 Class IMorphology : ELG Spectral class : E1 

HST photometry V:21.5542 l:20.B105 Z: 20.4195 Japor: 20.03 Kaper ; 

EIS piiolomstry 1:20.67 V : 22.05 H: 21.24 

L_IR : 9998 X_ray : 999 Radio : 999 

mJrest : -22.0784 mKrest : -22.0543 

IndinatlDn : 42.2~S.2 Mi>fphD_dass : 9999 RH.S : 2.37483 



FOR52 Observations 

Field Mask FilLre CCD 

3 46 Fy 1 

3 ez F!l 1 

3 62 Z 1 



Sli, C_ouv : 1.39444 LogH : 10.7694 OH: 1.39444 

EFRJR : -=4.904 £FR_Hbnc : 1.73361 SFR_2am : 1.9315 
AV IR : -=0.842 AV balmcr : 1.71381 
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Figure 2.8: First version of the page showing the individual properties of a IMAGES object. In this 
version, the observational properties are organized by their observational origin: F0RS2 observations, 
GIRAFFE observations. Photometry, etc.. 
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Figure 2.9: Second version of tlie page sliowing the individual properties of a IMAGES object. In this 
version, each observational property is associated to one of the main physical parameters of a galaxy: 
Mass, Radius, Velocity 
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• (El) : All the strong lines from [OII]A3727A to [SII]AA6300, 6363A are detected. Eg. 
H/3,Ha, [OIII]A5007A 

• (E2); All the strong lines from [OII]A3727A to [OIII]A5007A 

• (E3); [Oil] out of the wavelength range 

• (E4); H/3 out of the wavelength range 

• (E5); one or two emission lines detected 

Table 2 illustrates the construction of the working sample by the availability of spectral lines. 
Prom the Iab <23.5mag objects I have selected 74 galaxies from the El, E2 and E3. From 
the sample of 74 galaxies, 6 objects have been excluded because of bad spectrophotometry 
or wavelength calibration problems and 10 objects with H/3 or both [OIII] lines corrupted by 
strong sky emission or absorption lines. Finally, the sample, hereafter sample A, is composed of 
58 galaxies with a median redshift of 0.7. The S/N of the H/3 line has a mean value of 40. 





El 


E2 


E3 


E4 


E5 


Abs 


Total 


IMAGES 


4 


65 


20 


31 


49 


43 


212 


Sample A 


4 


65 


5 
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Table 2.6: Number of galaxies (208 galaxies + 4 QSO) by spectral type in the F0RS2 and metallicity 
sample: [Oil], H/3, [OIII] and H„ emission lines detected (El); [Oil], H/3, [OIII] detected (E2); [OH] out 
of the wavelength range (E3); H/3 or/and [OIII] out of range (E4); one or two emission lines detected 
(E5); galaxies without emission lines (Abs). The E3 galaxies correspond to low-redshift objects. In this 
work we have only selected the 5 galaxies with z>0.4 



I have completed the sample with 30 galaxies from Liang et al. (2004a), referred hereafter 



as sample B. The authors have observed Iab <22.5mag galaxies in three cosmological fields : 
Canada France Redshift Survey (CFRS) 3h, Ultra Deep Survey Rosat (UDSR) and Ultra Deep 
Survey FIRBACK (UDSF) fields. They have used the F0RS2 instrument in the mode MXU 
with a observational setup similar to IMAGES. 



2.4.2 Representativity and completeness 



The final metallicity sample is then composed by 88 intermediate mass galaxies. The two samples 
of galaxies span the same redshift range. In terms of absolute magnitude, sample B is composed 
of galaxies slightly brighter than sample A: sample B has a median absolute magnitude in K- 



band of -21.89 versus -21.13 for sample A, see histogram of both sample in left panel of fig 2.10 



However, the combination of these two samples gives a sample representative of the intermediate 
mass galaxies at z~0.6. 

The distribution of the K-band absolute magnitudes of sample A+B follows the luminosity 



function at a redshift of 0.5 and 1 from Pozzetti et al. (2003 ), see Fig. 2.10 Kolmogorov-Smirnov 



tests support that the Mk distribution of sample A+B and those of the luminosity function, 
in the redshift range z=0.4 and z=0.98 and with Mk[-AB] < —21.5, have 85% probability to 
come from the same distribution. The corresponding stellar mass range of completeness is 
log{Mstenar /^e) > 10. The aim of the IMAGES large program is to investigate intermediate 
mass galaxies with Mgif^nar > 1.5 x 10^*^ Mq, which represents 76% of our sample. Then, the 
incompleteness of the sample below Mk = —21.5 does not affect the conclusions. 
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Figure 2.10: Top panel: Distribution of the absolute magnitude in k-band of sample A in black and 
sample B in red. Bottom panel: Number counts (on a logarithmic scale) of selected galaxies versus 
AB absolute magnitude in K-band. The black histogram refers to sample A+B galaxies. The luminosity 
function derived from Pozzetti et al. (2003) at z = 0.50 is plotted with a dashed line and at z = 1 with 
solid line. The red vertical line represents the limit of 85% completeness. 
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Chapter 3 



The properties of the ISM in z^O.6 

galaxies 



In this chapter I study 88 distant galaxies and derive their main global properties such as extinc- 
tion, the gas phase metallicity, star-formation rate and gas fraction. The unprecedentedly high 
S/N of the IMAGES-F0RS2 spectra allows us to remove biases coming from stellar absorption 
lines and extinction, to establish robust estimates of metallicities, instantaneous SFR and gas 
fraction. This study has led to a refereed publication: ''UMAGES IV: strong evolution of the 
oxygen abundance in gaseous phases of intermediate mass galaxies from z ~ 0.8", by [Rodrigues 



et al. (2008), in Astronomy and Astrophysics, Volume 492, Issue 2, 2008, pp. 371-388. 



I briefly describe the main steps of the methodology used to derive the physical properties 
for the sample A. The complete description of the methodology is specified in the Introduction 
chapter 2, and in Liang et al. (2004a) and Liang et al. (2006) for the sample B. The methodology 
used for sample A is very similar to the one used for sample B, thus the two methodologies of 
analyses are homogeneous. 



3.0.3 Flux measurement 

In order to derive the metal abundance and SFRna in galaxies with sufficient accuracy, it is 
necessary to estimate the extinction and the underlying Balmer absorption. I have corrected 
the Balmer emission lines from the underlying stellar population. For each galaxy, I fitted the 
observed spectrum, including its continuum and absorption lines, with a linear combination 



of stellar libraries. I have used a set of 15 stellar spectra from the Jacoby et al. (1984) stellar 



library, including B to M stars (e.g B, A, F, G, K and M) with stellar metallicity, see justification 



in Introduction Section 3.2.1 The best fit was obtained with the STARLIGHT software (Cid 



Fernandes et al.|2005 ). A Cardelli et al. (1989) reddening law has been assumed. F0RS2 spectra 
have been pre-processed before proceeding to the best fit with the STARLIGHT software. The 
pre-process steps are the following : 

1. Emission lines are masked using DISGALID, a software developed by the team. 

2. The masked spectrum and the templates are smoothed using a smoothing box to a spectral 
resolution of AA ~8A. I have convolved the continuum, except at the location of emission 



lines, using the software developed by our group (Hammer et al. 2001). I have chosen to 



introduce this step because the smoothing increase the S /N of the absorption features used 
in the fit. The small decrease of the spectral resolution in the continuum component does 
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not affect the measurement of the emission hnes and does not decrease the quaUty of the 
fit. 

3. Sampling the spectra at lA per pixel. This step is required by the Starlight software and 
does not introduce any change in the spectrum. 

4. Implement a sky line mask. The regions with possible sky contamination are not taken 
into account during the best fit. 

A rest-frame spectrum of one typical galaxy of our sample, J033210. 92-274722. 8, is given in 



Fig 3.1 After subtracting the stellar component, I have measured the flux of the emission lines 
using the SPLOT package. When the [OIII] A4959 emission line was not detected, the flux was 
assumed to be 0.33 times the [OIII]A5007 (the ratio of the transition probability). 
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Figure 3.1: Rest-frame spectrum of one of the sample A galaxies, J033210. 92-274722. 8. Grey boxes 
delimit the wavelength regions where spectra may be affected by strong sky lines. The continuum has 
been downgraded to lower spectral resolution than the emission lines in order to enhance the absorption 
features (see text above). Top panel: Spectrum with the location of strong emission lines. Bottom 



panel: Spectrum and synthetic spectrum using Jacoby et al. (1984) templates plotted with dashed line 



The positions of the absorption lines are marked with dashed vertical lines. 
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3.1 Extinction 



I have measured extinction using two methods: the Balmer decrement (see Chap 1.2.2) and 



IR/H/3 energy balance ( Liang et al.||2004a ) (see Introduction Section 1.7.6). Comparing the two 
values, I can check the reliability of our methodology and avoid systematic effects on abundances 
due to a bias in the extinction evaluation. 



3.1.1 Extinction estimation 

For 37 objects of the sample, the H7 line was detected and I could derive extinction in the gas 
phase directly from the spectra, using the observed H7/H/3 ratio. Assuming a case B recom- 
bination with a density of 100 cm~^ and an electronic temperature of 10 000 K, the predicted 



ratio is 0.466 for the /(H7)//(H/3) (Osterbrock 1989). The median extinction of the sample is 
Av = 1.53. 

Because of large uncertainties related to the measurement of the H7 line, I have verified the 
quality of derived extinction using another method to evaluate Ay, the balance of infrared and 



emission line SFR.The two SFR have been computed assuming the Kennicutt ( 1998 ) calibrations 
and both use the same Salpeter initial mass function (IMF) ( Salpeter|1955 ). The Lir is estimated 
from the Chary & Elbaz (2001) relation and 24 observations (Le Floc'h et al. 2005). The 
Lna has been estimated from the flux of H/3 and assuming Ha/H/3=2.87 ( |Osterbrock[T989l ). The 
H/3 flux was corrected by an aperture factor derived from photometric magnitudes at /ab and 
Vab and spectral magnitudes. In the case of objects without IR detection, we used the detection 
limit of 0.08 mJy of the MIPS catalogue to find an upper limit for Lir and so an upper extinction 
limit ^y(IRiini)- The median extinction in the sample for IR/H/3 estimation is Ay = 1.71. 



3.1.2 Comparison between the two derived extinctions 



In Fig[33| I compare the extinction given by the two methods ( [Liang et al.|2004al ) , see Introduc- 
tion Section 1.2 and 1.7.6. Most galaxies fall within the itlcj dispersion. This result is consistent 
with |Flores et al.| ( |2004| ) and [Liang et al.| ( |2004a ). 

Some discrepancies between the two measurements of extinction are due to geometrical prop- 
erties, as in J033212.39-274353.6, J033232. 13-275105. 5 and CFRS 03.0932 which show Av(IR) 
greater than (Balmer). Indeed, these 3 objects are edge-on galaxies. In such cases, a large 
fraction of the disk is hidden by the dust in the disk plane. The detected optical Balmer lines 
trace the star formation of a few optically thin HII regions lying on the periphery of the galaxy. 
The consequence is an underestimated extinction value. The infrared radiation is not affected 
by dust so it comes from all regions of the galaxy. Thus, we expect to have higher extinction 
values when estimated with the IR flux. 



3.1.3 Uncertainty estimation 
Balmer decrement extinction 



Due to the logarithmic term in the calculation of extinction (see equation 1.5 in Introduction), 
the extinction measured has asymmetrical error bars. The error results from the error on the 
flux measurement of the emission lines which is dominated by the noise of the sky. Therefore, 
the relative error of a line flux is the inverse of its S/N. This error propagates in the ratio of 
lines and results in an upper and lower extinction value. The following equations give the upper 
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Av(Balmer) 



Figure 3.2: Relation between tlie extinction Ay values derived from the Balmer decrement and by 
SFRiB, and SFRu^nc ratio. We plot the 37 galaxies having reliable H7 detection and the 13 galaxies 
from Sample B with Ay (Balmer) and Ay(IR) measurements. The objects with infrared detection are 
plotted with filled red circles. The arrows are the 21 objects the Sample A with only Av'(IR) upper limit 
estimations. The two dashed lines refer to the results with ±0.64 rms. The lower right image in the graph 
is the combined ACS/HST image in B,V and I band of the edge-on galaxy J033212. 39-274353.6. 



and lower value of color excess and extinction when using the H(3/H'j ratio: 

E{B - V)up = ^Log[{H/3/Hj + errHp/H^] x 0.466) (3.1) 

E{B - V)iou, = -^Log[{Hl3/Hj - errHp/H^] x 0.466) (3.2) 
U.15 

^Avup ={E{B-V)up-E{B-V))xR/lA7 (3.3) 

^Avion, = {E{B -V)- E{B - V)dou,n) X R/lAl , (3.4) 

SFR(Optical-to-IR) extinction 

^vClR-) error has been estimated taking into account the error on the IR luminosity and the 
Poisson noise of the H/3 line. 



Tabulated estimation 

The two extinctions do not trace the same quantity. Both methods are very dependent on 
the star formation history of galaxies. The Balmer decrement is sensitive to the extinction in 
regions which have experimented a star formation episode in the last 10 Myr. The SFR(optical- 
to-IR) extinction is more sensitive to regions with slightly older stellar population (< 100 Myr). 
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However, when considering the ah sample of galaxies, the two methods are statistically equal, 
see Fig. |3.2[ The dispersion between the two methods is due to the uncertainties on the 



measurements and on the different star-formation history. As the objective is to correct the 
spectrum from the mean extension of the galaxy, I have assumed that the mean extinction can 
be evaluated from the mean value between 74y(IR) and ^v'(Balmer). Adopting the mean values 
between the two methods allows us to control the systematic errors of each one. For galaxies 
without IR detection or without line. Ay has been calculated according to the conditions 
summarized in table [3?T1 

For edge-on galaxies, the difference between the two extinction estimates is geometric as 
explained above. Since our aim is to correct the optical spectra, I have used (Maimer) for 
these galaxies. 





H'y line detected 


Hj line not detected 


IR detection 


Av= (Ay Balmer+^V Ir)/'^ 


Av=Av IR 


No IR detection 


Ay= {Ay Balmer+^V IRHm) 


Av=Av IRlim 


Edge-on galaxies 


-^V B aimer 





Table 3.1: Equation use for the calculation of Ay as function of the detectability of the H-f line or IR 
luminosity. 

As the error on Av(Balmer) is dominated by the error on the line, we can assume that 
the errors on Av(Balmer) and Av(IR) are not correlated. Thus, the error of the final extinction 
depends on the error of the two extinction estimates. 



3.2 Contamination by AGN radiation 

Before studying metallicities in galaxies we have to identify the objects whose lines are affected 
by contamination from an AGN, see Introduction Section 1.3. This identification is essential 
because the AGN processes affect especially the [OIII] emission lines and thus also any metallicity 
estimate based in this line. First, I have eliminated from Sample A two galaxies harboring evident 
AGN spectral features, like broad Mgll and Balmer lines: J033208.66-274734.4 and J033230.22- 
274504.6. These two galaxies are very compact and are both X-ray detected. Broad Balmer 
lines suggest that these galaxies are Seyfert I galaxies. 

Then, the diagnostic diagram log([OII]] A3727/H/3) vs log([OIII] AA4959, 5007/H/3) was used 
to distinguish the HII region-like objects from LINERs and Seyfert galaxies, see Fig. |3.3[ We 
have found 10 objects in the LINER and Seyfert II regions of the excitation diagram. From 
these objects we discard 5 galaxies which fall out of the HII region, even if we account for er- 
ror bars: J033219. 32-274514.0, J033222. 13-274344.5, J033240.04-274418.6, J033243.96-274503.5, 
J033245. 51-275031.0. The other 5 galaxies are very close to the limit of star-forming galaxies 
to classify them definitely as AGN. I have chosen to keep them and we have used a different 
symbol for these objects in the figures. 

I search for evidence of shock processes in our galaxy sample by the presence of the emission 
hue [iVeI/]A3868. Five galaxies present log([NeII]A3868/[OII]A3727) > -1.3 and fall in the 
Seyfert II area. One of them, J033236. 72-274406.4 has IR and X-ray detection. 

For 4 objects, Hq, and [Nil] measurements are available and we have checked the log([NII]A 



6584/Ha) vs log([OIII] AA4959, 5007/H/3) diagnostic diagram, see fig. 3.4 all of them faU in 



the HII region delimited by Kauffmann et al. (2003a) 
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Figure 3.3: Diagnostic diagram for the Sample A. Galaxies with only ^y(IRiiin) are plotted with down 
arrows. The objects with log( [Nell] A3868/ [Oil] A3727) > -1.3 are plotted in red dots. The solid line shows 



the theoretical sequence from McCall et al. ( 1985 ) for extra-galactic HIT regions. The dashed line shows 



the photo-ionization limit for a stellar temperature of 60 000 K and empirically delimits the Seyfert 2 and 
LINER from the HII regions. The dot-dashed line shows the demarcation between Seyfert 2 and LINERs 



from Osterbrock ( 1989 ) 



3.3 Outflows 

I have determinate the Af in a sub-sample of 20 galaxies of sample A from the comparison of the 



velocity of emission lines with those of absorption lines, see Introduction Section 1.4 The results 
have been published in Puech et al.|p010 ). Among these galaxies, I found systematic shifts in 
only three or possibly four of them (at a <100km/s level in J033224. 60-274428.1, J033225.26- 
274524.0, J0332I4.97-275005.5, and possibly in J033210.76- 274234.6). We have concluded that 
large-scale outflows do not play an important role in this representative sample of intermediate 
mass galaxies. 

Hints of feedback can be also detected from the emission line profiles, see Introduction Section 



1.4 I have found only three galaxies in Sample A which present complex profile. It confirms the 
previous results: feedback may not be an important process in intermediate redshift galaxies. 
This is not surprising because all the galaxies considered here have large baryonic masses, in 
excess of lO^'' M0, and not very large star formation rates: as such the energy developed by 
massive stars is always negligible when compared to that from gravitational motions. 



3.4 Metallicity 

One of the main aims of my thesis was to derived the metal content of distant galaxies and 
compare it with those of local galaxies in order to constrain the chemical evolution. To avoid 



bias arising from the metallicity calibration (see Introduction Fig. 1.12), I have used the same 
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Figure 3.4: Diagnostic diagram for Sample A. The doted line shows the limit of the region occupied by 



star- forming galaxies from Kewley et al. (2006b). The dashed line represents the empirical demarcation 



separating star-formation galaxies from AGN from Kauffmann et al. ( 2003a 



strong line ratio and calibration in the F0RS2 sample than those used by the reference local 



sample, Tremonti et al. (2004). 



3.4.1 Validity of the adopted calibration 



The Tremonti et al. (2004) calibration is a strong-line method that uses the R23 parameter. It 



has been derived in SDSS galaxies and may not be valid for galaxies having different properties 
that the SDSS sample, see discussion in Part I 1.6.2 Can we use the strong-line calibration 



based on SDSS galaxies sample to derive the metallicity of intermediate redshift galaxies? I 
have searched in the IMAGES sample for evidence of different physical condition in the HII 
region of z~0.6 galaxies by comparing their positions with those of local galaxies in diagnostic 



diagrams. As shown in Fig. 3.6 and 3.7 the intermediate redshifts galaxies lie in the same locus 



as the SDSS galaxies. There is no evidence that HII region in intermediate redshift have different 
physical conditions than the local counterparts. Therefore, the metallicity calibration based on 
SDSS sample can be applied to the F0RS2 sample. This result is consistent with the previous 



work of Hammer et al. (1997); Tresse et al. (1996) for galaxies at lower redshift 0<z<0.3. 



3.4.2 Metallicity estimated from the R23 parameter 



The Tremonti et al. (2004) metallicity calibration is defined by: 

12 + log{0/H) = 9.185 - 0.313x - 0.264x2 - 0.321a;^ 

where x = log-R23- 



(3.5) 



The calibration from Tremonti et al. ( 2004 ) is valid only for the upper branch of the i?23 vs 



12 + logO/H relation. I have assumed that our sample of intermediate-mass galaxies lies in the 
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Figure 3.5: Velocities offset of emission and absorption lines compared to the median velocity in 12 
galaxies of Sample A. Delta velocity is defined as being the difference between the mean velocity deviated 
from all lines and the mean velocity considering only emission or absorption lines. 

upper branch. In fact, galaxies in the extreme end of the lower branch are extremely rare at the 
given range of stehar mass and are associated with dwarf galaxies. For moderate metahicities, 
near the turning point of the relation, the uncertainties in selecting the appropriate branch is 
smaller than the uncertainties from sky and extinction, see Fig j3.9[ I test this hypothesis with 
the N202 indicator. There are only 4 galaxies in our sample with [Nil] measurements: all have 
log/([A^//])//([0//]) > — 1 and therefore belong to the upper-branch ( jKewley fc Dopita]|2002 ). 
Maier et al. (2004) and later Nagao et al. (2006) have suggested to use the O3O2 ratio to select 
the valid branch of the i?23 calibration. Confronting observations from the SDSS to grids of 
photoionization models, Nagao et al. 2006 have shown that the observed i223 belongs to the 
upper-branch of the i?23 sequence if O3O2 < 2. Indeed, the ratio [OIII]A5007A)/[OII]A3727 is 
also a good metallicity diagnostic, thanks to the small dispersion of the ionization parameter at 



a given metallicity. The Figure 3.8 shows the distribution of the log(0302) ratio for the F0RS2 
sample. Expect the AGN candidates, all galaxies verify 0302<2 and therefore the validity of 
using the upper branch of the -R23 sequence is confirmed. I think that, with a large level of 
confidence, all the objects lie in the upper branch of the i?23 vs 12 -|- log{0/ H). Nine objects 
have logi?23 > 1 where the Tremonti et al. (2004) calibration is not defined. In such cases I 



have adopted the limit given by log i223 = 1 ■ 



3.4.3 Metallicity estimated from the parameter 

For the 5 lowest redshift galaxies (type E3 in Table 2), the [Oil] emission line falls out the 



wavelength range. I have used in this case the i?3 parameter defined by (Edmunds & Pagel 
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Figure 3.6: The local galaxies from the DR7 of SDSS are represented in the BPT diagnostic diagram 
in contours and black dots. The four intermediate redshift galaxies with Nil detection from the F0RS2 
sample are plotted in red circle symbols. The up and down triangles represents galaxies at z=1.4 and z—l 
respectively from Liu et al. 2008. The green dotted lines delimit the regions dominated by star-forming 
galaxies (left) and AGN (right) according to KaufFmann et al. 2003 (long dash) and Kewley et al. 2001 
(short dash). The intermediate redshift galaxies lie in the same locus than the SDSS galaxies and thus 
may have the same physical properties than local galaxies. Whereas, the high-z galaxies are offset to 
high [0III]/i7^ ratio compared to the local sample. Liu et al. 2008 suggest that this offset can be due to 
higher ionization parameter in the HII region of high-z galaxies. 



1984D : 

Rs = 1.35 X ([Om] A5007/if/3) (3.6) 



The oxygen abundance was estimated with the calibration proposed by Vacca Sz Conti ( 1992 ): 



12 + log{0/H) = -0.60 x log i?3 - 3.24 (3.7) 

I have not found any evidence of a systematic bias between the R22, and the calibrations 
in the Sample A. Liang et al. 2004a have arrived to the same conclusion for similar targets 
(Sample B). 



3.4.4 Uncertainties 

The uncertainties in the data were assumed to be Poisson distributed. The error budget of 
emission line flux includes contributions from the sky and the object. The errors of line ratios 
and metallicity have been calculated using Monte-Carlo simulations taking into account the error 
on extinction and the sky error on line flux. 
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Figure 3.7: The [OllV\/Hj3 vs [0II]/i?/3 diagnostic diagram for the loeal SDSS galaxies (in contours 
and dots) and the intermediate redshift galaxies from IMAGES (red circles). The solid line shows the 
theoretical sequence from McCall et al. 1985 for extra-galactic HII regions. The dashed line shows the 
photo-ionization limit for a stellar temperature of 60 000 K and empirically delimits the Seyfert 2 and 
LINER from the HII regions. The dot-dashed line shows the demarcation between Seyfert 2 and LINERs 



from Osterbrock (19891. The z~0.6 galaxies lie in the same locus in the diagnostic diagram than the 



local galaxies and they thus may share the same physical properties. 



3.5 Star formation rate 



The three SFR rates have been calculated using the calibration of Kennicutt (|1998|) that assume 
a 



Salpeter ( 1955 ) IMF 



SFR from the Ha luminosity 

At high-z, the Ha line is redshifted outside the optical window. In such a case, the SFR can 
be estimated from the higher order Balmer lines such as Hfi line or H^. The Ha flux is 
estimated from the Hp flux by applying the theoretical ratio between Ha and i?/3, see Part I 



sectior 1.2.2 In the F0RS2 sample, the SFR(/7a) have been estimated from the Hji luminosity 
since only 4 galaxies have a spectral range covering the Ha line. The aperture correction has 



been determined using 2 or 3 bands (mean value), see Fig. 3.1 of the introduction part. 



The uncertainties have been calculated by propagating the error on the measurement of the 
Hp flux and the error on the extinction. 



SFR from the ultraviolet luminosity 

The SFR(UV) has been estimated in the sample using the rest frame luminosity at 2800A and 
equation 1.12 of the introduction part. The derived SFR(UV) has not been corrected from 
dust extinction. Thus, it only traces the unobscured star-formation. The absolute luminosity 
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Figure 3.8: Histogram of the [OIII]A5007A/[OII]A3727A of the Sample A. All the galaxies have O3O2 
ratio inferior to 2 and thus lie in the upper branch of the i?23 diagnostic according to Maier et al. 2004 
and Nagao et al. 2006. The three objects with 0302> 2 are AGN candidates. 
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Figure 3.9: R23 vs log(0/H) + 12 for the working sample. The red hne is the Tremonti et al. (2004) 
calibration. The three dark solid lines are the calibration of Kobulnicky & Zaritsky ( 1999 1 for three 



values of log{Oz2)'- -1-0, and 1.0 from left to right. The two horizontal dashed lines delimitated from 
top to down the metal-rich, intermediate and metal-poor regions. For moderate metallicities, near the 
turning point of the relation, the uncertainties in selecting the appropriate branch are smaller than the 
uncertainties from sky and extinction. 
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at 2800A has been evaluated by fitting the galaxy SED with a linear combination of 6 stellar 
populations from Chariot &; Bruzual 2007 models and a two components extinction law of 
Cardelli et al. (1989), see Chapter 5 for more details. This method does not give reliable 



derivation of global properties such as the stellar mass or the extinction, but it gives very robust 
absolute magnitudes. It should be seen as an interpolation of the SED. The conversion of the 
absolute magnitude in UV to luminosity is given by: 

-0.4x(Af2800-51.63) 



L^{UV) = 10" 



(3.8) 



The uncertainty on the SFR(UV) is derived by propagating the error on the determination of the 
-^2800 coming from the uncertainty of the photometry and on the SED fitting. The galaxies of 
this sample have U and B band observations from ACS/HST and in some cases UV photometry 
from GALEX. Therefore, the estimation of the magnitude at 2800A is very robust, random 
uncertainty < 0.3 mag, because it results from the interpolation between the blue bands. 

SFR from the infrared luminosity 



To estimate the IR luminosity in the sample I have used the calibration of Chary &; Elbaz (2001 ). 



These authors have implemented calibration between the 12^m, Ibfim -band luminosity and the 
bolometric IR luminosity. At z~0.6, the mean redshift of the F0RS2 sample, the observed 24 /im 
band coincide with the 15/im rest frame band. I thus use the flux at 24^m from the DR3 MIPS 
catalogue (Le Floc'h et al. 2005) to calculate the luminosity at 15 fim rest fram^ 

47r(3.086 x IO^^Z^l) V(24//m) 



and then convert it into Lj^ using the calibration of Chary & Elbaz (2001) : 

LiR 



1 1 1+5.5 ^ 7-0.998 



(3.10) 



(3.11) 



For the 17 objects without MIPS detection, I have computed the upper limit to SFRjji from the 
L[ji limit of detection given in Fig|1.15[ The associated error has been calculated by propagating 



the flux error through the SFR calibrations. 



Total SFR 



The total recent star formation can be estimated by the sum of SFRiji and SFRuv- Indeed, 
SFR(UV) traces the UV light which has not been obscured by the dust and SFR(IR) traces the 
UV light thermally reprocessed by the dust. The sum of the two SFR estimators account for all 
the UV light emitted by the young stars. For the 17 objects without MIPS detection, I defined 
the total SFR as being the sum between SFRho and SFRjjv- 



3.6 The gas radius 

The gas radius from Rhaif 



For a thin exponential disk, the optical radius is 1.9 times the half light radiut^'^ (Persic & 
Salucci 1999). In a first approximation Rgas is proportional to l.S)xRhaif\UV]. The Rhaif has 



^The flux is given in mjy in the Le Floc'h et al. ( 2005 [catalogue. The conversion of mJy to erg s ^ cm ^ is 



f2A^im{ergs ^ cm ^) = 



(3.9) 



10 



The half light radius, Rhaif, is the radius of a circle drawn on the sky that included half of the galaxy light. 
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been estimated by Y. Yang from the rest-frame UV images. We have added the B and V bands 
HST images and derived for each galaxy an inclination, the PA and the Rhaif- The complete 
description of the method can be found in Delgado's PhD thesis and Neichel et al. (2008). 



The gas extension in distant galaxies 

Comparing the stellar extension from UV images to the extinction of the ionized gas, Puech 
et al. 2009 have found that the ionized gas is about 1.3 times more extended that the stellar 



component for z~0.7 galaxies, see Fig 3.10 Using the optical radius in UV light as a proxy of 



the Rgas would thus lead to an underestimation of the gas fraction. 
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Figure 3.10: Comparison between the [Oil] and UV radii for the IMAGES subsample of galaxies. The 
two insets on the left (30-arcsec wide) show MIPS imaging at 24 /im of J033228. 48-274826. 6 (upper one) 
and J033244.20-274733.5, while the two insets on the right show z-band HST/ACS images of J033230.78- 
275455.0 and J033226.23-274222.8 superimposed with the GIRAFFE IFU grid. The colors code the 
kinematic category defined by Yang et al. (2008): rotation disks are shown as blue dots, perturbed 
rotation as green squares, and complex kinematics as red triangles. The open blue circles correspond 
to the rotation disks-|- galaxy for which the velocity measurement are more uncertain (see Puech et al. 
(2008)). From Puech et al. (2009) 



Calibration Rhaif to Rgas for distant galaxies 

I have derived a corrective relation for using R^aifiUV] x 1.9 as a proxy of Rgas- I used the 
sample of Puech et al. 2009 for which we have Rhaif [UV] from (B-l-V) band images and Ron 



from IFU observations. I have binned the data in five intervals of Rhaif [UV], see Fig 3.11 and 
adjusted a power law function to the data. The best fit is : 

Rgas = 0.67 X {1.9 Rhaif[UV])+i.iO. (3.12) 

Error bars on each bin have been evaluated by bootstrap resampling. This correction is valid for a 
compact system below Rhaif [UV] < 6.8 Kpc. At larger Rhaif [UV], the R[oii] is underestimated 
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because galaxies extend father than the GIRAFFE IFU FoV (3x2 arcsec). We then defined 
Rgas as in Puech et al. 2009 : 

Rgas= 1.27 Rhaif[UV]+A.m forRhaif[UV]<6.8kpc; 

Rgas= l.S^RhalfPV] for Rhalf[UV]> 6.8 kpc. 

The error of Rgas has been calculated adding the dispersion of the relation and the propagated 
error of Rhaif[UV] on the calibration. 




2 4 6 8 10 12 14 16 18 

1.9xRhalf(UV) [kpc] 



Figure 3.11: Conversion between the Rhaif derived from UV observations and those derived from the 
extension of the ionized gas using IFU observations of the [Oil] hne. The data from Puech et al. 2009. 
have been binned in five interval of Rhaif [UV]. A power law function have been fitted to the data (red 
line). Compact objects Rhaif [UV] < 5.9Kpc have ionized gas that extend at higher distance than their 
stellar component trace by their UV light. At higher Rhaif [UV] the lower extension of the ionized gas 
compare to the stellar disk is not real but is due to the dimension of the IFU used to probe the [Oil] 
emission. 



3.7 Gas fraction 



I have applied the inverse K-S law to estimate the gas fraction, see Introduction Section |3.7[ I 
have used the local K-S of Kennicutt (1998) with a power law indix of n=1.4. The Mgas is given 
by: 

MgasiM^) = 5.188 10^ X SFR^-;^ij x iJ^.f^ (3.13) 
with Rgas in Kpc and SFRTotai in MQyr~^. The uncertainties on Mgas have been calculated 



by propagating the error on the SFRtotai and on Rgas in equation 3.13 

In a first approximation I have used the absolute K band magnitude derived from the SED 
fitting with Msteiiar/ Lk expected by observed rest frame B-V color (Bell et al., 2003) and 
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converted to a Salpeter (1955) IMF. The convertion between Kroupa (2001) and Salpeter (1955) 
is described in Bell et al. (2003). I will discuss in detail on the stellar mass in the next chapter. 
See also Hammer et al. (2010) for the detailed discussion on the effect on the gas fraction of the 
chosen semi-empirical model used to derive the stellar mass. Figure 3.12 shows the gas mass as 



a function of the stellar mass for the current sample (in circle) and the sample of Puech et al. 
(2010) in triangles. 
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Figure 3.12: The gas mass derived from the inversion of the Kennicutt-Schmitt law as a function of 
the stellar mass derived from the absolute magnitude in K band. The red dots represent the objects 



not detected in the observations. The sample of Puech et al. (2010) have been overploted with 



triangles. The red triangles are galaxies of the Puech et al. (2010) sample without 24/im observations 



and for which SFRji^ have been estimated using the MIPS detection ( |Le Floc'h et al.|2005[ ). The typical 
error bars for the two samples are plotted in the top-left corner. 



95 



Chapter 3. The properties of the ISM in zr^O.6 galaxies 



96 



Chapter 4 

The chemical evolution of the ISM 
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The metallicity of the gas is a fundamental property of galaxies. It reflects the amount of 
gas reprocessed by stars (star formation history) and the exchange with environment. Studying 
the evolution with time of the metallicity then enable to disentangle the contributions of several 
processes taking place during galaxy evolution such as star-formation, outflows powered by 
supernovae or stellar winds and infall of gas by mergers or secular accretion. In the last five 
years, a large amount of galaxy surveys had collected gas metallicities in galaxy from low Universe 
to very high redshift, opening the study of the metal content evolution over a large lookback 
time interval. 



4.1 Selection effect 

The z=0.6 sample has been selected in absolute luminosity in the near-IR, which is a good proxy 

. I have shown in Chapter 2 that the sample is 



of the stellar mass (Delgado-Serrano etal][2010| 
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also representative of the luminosity function at the given redshift. However, since the aim of this 
work is to study the properties of the ionized ISM, only star-forming galaxies with emission lines 
EW([0II])>15A have been selected. Quiescent galaxies are not included in the sample since 
they have EW([0II])<15A. ( Hammer et al.|[l997 ) have shown that quiescent galaxies represent 
40 % of galaxies at z=0.6 and more than 80% in the local Universe. However, quiescent galaxies 
have small fraction of gas and may thus have small impact in the chemical evolution of galaxies 
at the given redshift. Quiescent galaxies are thus a controlled source of systematics. However, 
an important bias due to selection effect can arise from the population of Low Surface Brightness 
galaxies (LSB). The studies in the local Universe have shown that LSB have low density mass, 
small SFR and low metallicity but have surprisingly high gas fraction (more than 50% of their 
baryonic mass). Despite their high gas content, the gas is rather extended in LSB and their gas 
density are below the star-formation threshold of the Kennicutt-Schmidt law and explain why 
LSB have low SFR. At z=0, LSB represent a tiny fraction of galaxies, few percents, but their 
density number may increase with redshift. A strong evolution of LSB could have important 
consequences on the models of galaxy evolution. 



4.2 The stellar mass-metallicity relation 

4.2.1 Introduction 

The origin of the M-Z relation 

The evolution of the metal content in the gaseous phase of galaxies is an important tool to 
understand the physical processes controlling the evolution of galaxies. On the one hand, the 
metallicity of the gas reflects the amount of gas reprocessed by stars and the exchange with the 
environment. On the other hand, the stellar mass reflects the amount of baryons locked into 
stars. Therefore, the study of the stellar mass-metallicity relation (M-Z) allows us to disentangle 
the contribution of several processes taking place during galaxy evolution such as star- formation 
history, outflows powered by supernovae or stellar winds and infall of gas by mergers or secular 
accretion. 

The correlation between stellar mass and gas metallicity has been widely studied since 



Lequeux et al. (1979). Figure 4.1 shows the correlation found by Tremonti et al. (2004) us- 



ing ~53 000 local star-forming galaxies from the SDSS. This strong correlation reflects the fun- 
damental role that galaxy mass plays on galaxy chemical evolution. There are two scenarios 
explaining the origin of the M-Z relation: 



The high metallicities in massive galaxies is caused by higher star-formation efficiencies in 
these galaxies. In other words, galaxies with higher masses have converted more rapidly 
their gas into stars than low mass galaxies. In this scenario, low mass galaxies are still 
converting their gas into stars and thus still enriching the ISM with metals. The local M-Z 



relation is thus a snapshot of a sequence in astratior (Tremonti et al.|2004). This scenario 



is supported by gas fraction observations (Boselli et al. 



2001 



McGaugh fc de Blok 1997 



Schiminovich||2008i) : low m ass galaxies have larger gas fraction (40% for log Msteiiar ~ 9.5 



according to Schiminovich (2008)) while massive galaxies have already exhausted their gas 
reservoir (/gas=10% at log Msteiiar ~ H)- 



^^The cycle in which interstellar material forms into stars, is enriched with heavy elements as a result of nuclear 
reactions, and is then returned to interstellar space via stellar winds, planetary nebulae or supernovae. 
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Figure 4.1: The relation between stellar mass, in units of solar masses, and gas-phase oxygen abundance 
for ^-^53,400 star-forming galaxies in the SDSS. The large black points represent the median relation in 
bins of 0.1 dex in mass, which include at least 100 data points. The solid lines are the contours which 
enclose 68% and 95% of the data. The red line shows a polynomial fit to all the data. The inset plot 



shows the residuals of the fit. From Tremonti et al. (2004). 



The low metal content of low mass galaxies is due to the loss of metals by gas outflows. 
Low mass galaxies have small gravitational potentials which cannot retain the ejection of 
metals from supernova winds ( Larson|1974 >. This scenario is supported by the observation 
of strong stellar outflows in local and distant starburst galaxies ( Heckman et al.||2000 ) and 
by the presence of metals in the intergalactic medium ( Gibson et al.||1997 Heckman||2002 ) . 



Nevertheless, these two scenarios are not incompatible since they are both driven by the gravity: 
massive galaxies evolve more rapidly due to their short gravitational collapse time scale and 
are not affected by outflows because their potential well prevent the ejection of gas outside the 
systems. On contrary, low mass galaxies have very long gravitational collapse time scale and 
they thus enriched their gas in metal more slowly. In addition, their potential well are not 
enough strong to retain the gas expelled by supernovae. 

There are alternative scenarios to explain the shape of the mass-metallicity relation. For 



example, Koppen et al. (2007) have suggested a scenario based on a variable integrated stellar 



initial mass function. They argued that at times of low star formation, the stellar initial mass 
function does not extend to as high masses as during high star formation epochs. This leads to 
both higher oxygen abundances and higher effective yields in strong starbursts 



The local M-Z relation 

An homogeneous estimation of oxygen abundance and stellar mass for a large sample of local 



galaxies by Tremonti et al. (2004) have enable to robustly establish the M-Z relation in the local 



Universe. However, the origin of the correlation is still in debate. According to Tremonti et al. 
(2004) the origin of the local M-Z is the preferential loss of metal in galaxies with logMgteiiar < 10 
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(See Part II 4.5). On the contrary, Vale Asari et al. (2009) have claimed that the M-Z relation 
is mainly driven by the star formation history and not by inflows or outflows for galaxies with 
present-day stellar masses down to logMgteiiar < 10. These authors have used the same SDSS 
sample that Tremonti et al. (2004) but have derived stellar metallicities from a full-spectra- 
fitting method instead of gas metallicities derived from emission lines, which could explain the 
difference. 



High-z studies 



In the past years, a large amount of spectroscopic observations of distant galaxies have been 
achieved. These surveys have enable the study of the M-Z relation up to z ~ 3, which has shed 
more light on the following questions: Is the chemical evolution of distant galaxies driven by 
the same mechanism that local galaxies? Is the evolution of the metallicity in agreement with 
the theoretical scenarios of galaxy evolution? Several studies have characterized the relation 



at higher redshift: < z < 1 ( 


Kobulnicky & Kewley 2004 Liang et al. 2006a Savaglio et al. 


2005 


Lamareille et al. 2007 


), l<z <2 ( 


Liu et al. 


2008 


Erb et al. 


2006a| 


Shapley et al. 


2004 


Maier et al. 2006) and z>3 (Maiolino et al. 2008) 


. Most of these studies agree on a evolution 



toward lower metallicities at higher z of the M-Z relation. However, the evolution of the shift 
as a function of redshift and the possible change of the M-Z relation shape is still in debate. 
The discrepancies between studies may arise from the inhomogeneities on the methods used to 
measure metallicities, the spectra quality, and sample selection. 

I have shown in chapter 4 part I that reliables estimations of the metal content can only be 
achieved with spectra having at least moderate spectral resolution (R>1 000) and a good signal- 
to-noise. At intermediate redshifts, there are still few studies reaching the spectral quality 
necessary to estimate with good accuracy the M-Z relation. As instance, the data from the Keck 



Redshift Survey (Kobulnicky & Kewley 2004) are limited by the absence of flux calibration 
making it impossible to estimate the extinction and thus metallicities ( Liang et al.||2006"a ) . I will 
discuss below on the possible systematics in the studies of Savaglio et al. ( 2005 ) and Lamareille 



et al. (2009). 



4.2.2 The stellar mass-metallicity relation at z~ 0.6 

The aim of this work is to obtain a robust M-Z relation for a reasonably large sample of inter- 



mediate mass galaxies at z~0.6 and compare it with the local relation of Tremonti et al. (2004) 



I have followed the methodology proposed by Liang et al. (2006a), which consists in a accurate 



estimate of the extinction and underlying Balmer absorption in order to obtain reliable R23 
abundance determinations, as described in the previous chapter. 

I have compared the metal abundance of our sample of 88 distant galaxies (derived in previous 
the Chapter) with those of local starbursts from SDSS ( Tremonti et al.||2004 ). I have found that 
distant galaxies are metal deficient compared to local starbursts, as shown in Fig. |4.2[ At 



z~0.7 the local relation found by Tremonti et al. (2004) is shifted toward lower metallicity by 



A[12-|-log(O/II)]=0.31 dexib0.03. The shift has been determinate by calculating for each galaxy 



the difference between its metallicity and the metallicity given by the Tremonti et al. (2004) 
relation for its stellar mass. The offset of the z~0.7 relation is the median of this difference 
for all galaxies with stellar masses over the limit completeness. The uncertainty was estimated 
using a bootstrap re-sampling method. There is a large dispersion of the data around the median 
relation at z~0.7, about ±0.45 dex which is intrinsic to the objects (see discussion in section 4.1 



of Rodrigues et al. (2008) in annex). I discuss the origin of this dispersion in Sect. 4.6 
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Given the small range in stellar mass covered 
the evolution of the shape of the M-Z relation at 
the M-Z relation remained unchanged compared 



by the sample, it was not possible to constrain 
z~0.7. Thus, I have assumed that the slope of 
to the local relation. 




Figure 4.2: Stellar mass-metallicity relation for the SDSS galaxies in contours and dots (z=0, Tremonti 



et al. 


(2004 


), 


Bell et al. 


(2003 



text ) and the 88 intermediate-z galaxies: sample A is shown as red 
circles and sample B as red crosses. Galaxies with masses lower than the completeness limit (log MstoUar < 
10) are plotted with open symbols. The objects in sample A with log R23 > 1 are plotted as small pink 
triangles and those detected as possible AGN are plotted as blue triangles. The typical uncertainty bars 
are plotted on the right. The red line indicates the median of the intermediate-z relation. The green line 



represents the local relation fit found by Tremonti et al. (2004). The shift between the local relation and 



our data sample is A[12+log(0/H)]= -0.31 dex±0.03. 



The shift is assumed to be only due to a metallicity evolution. Indeed, Liang et al. (2006a) 
argued that the evolution in the M-Z relation is due to a diminution of the metal content in 
galaxies rather than an increase of their stellar mass. In fact, the amount of star formation 
necessary to increase the stellar mass by a factor of ten would imply that almost all the light in 
distant galaxies is associated with a very young stellar population. However, the spectra of these 
galaxies show a mixture of young, intermediate and old stellar populations (see next chapter). 



Comparison with the other intermediate redshift studies 



Savaglio et al. (2005) have derived the M-Z relation at 0.4<z<1.0 for a sample of 56 galaxies. Half 



of the galaxies have been observed by the Gemini Deep Deep Survey and have flux-calibrated 
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spectra. The rest of the sample have been selected from Lilly et al. (2003) which used obser- 
vations of the Canada-France Redshift Survey. They have found a temporal evolution in the 
M-Z relation with galaxies at z~0.7 tending toward to lower metallicity than local galaxies of 
similar masses. However, the shift is smaller than those found in the current study: ~ —O.ldex 
at logMsteiiar = 10. They have also observed that the average metallicity of the most massive 
galaxies has not evolved from z~0.7 to the present day and thus have claimed this as evidence 
for downsizing effect in chemical evolution. The current work is in disagreement with those 
of Savaglio et al. (2005), since I have found a stronger evolution of the relation toward lower 
metallicities at the same stellar masses: —0.1 dex in Savaglio et al. (2005) versus —O.Sdex in this 
work, for galaxies at log Msteiiar ~ 10. The effect of extinction may be one of the reasons for 
the difference between our observations and those of Savaglio et al. (2005). In fact, extinction 
and stellar absorption under the Balmer lines have not been estimated for each galaxy. These 
authors have measured an average extinction and absorption correction in a composite spec- 
trum of all galaxies in the GDDS sample and applied this average extinction. Ay = 1, in all 
galaxies to correct emission lines. This extinction value is underestimated by about ~1 mag for 



at least one third of the Lilly et al. (2003) sample, which corresponds to LIRGs. Liang et al 



(2006a) have estimated that this underestimation of the extinction in the Lilly et al. (2003) 



sample leads to an overestimation of ~0.3dex on metallicity, which can explain the discrepancy 
with our sample. Furthermore, the average extinction used by Savaglio et al. (2005) may be 
underestimated because the combining spectra used to measure H7 and H/3 lines is dominated 
by low extinction systems. Moreover, the majority of massive galaxies in the Savaglio et al 



(2005) sample come from the measurements of Lilly et al. (2003) which are from spectra with 
low S/N and spectral resolution. The galaxies in the GDDS sample in Savaglio et al. (2005) 
have low luminosities and also can be affected by the low S/N of the spectra which does not 
allow one to retrieve proper extinction from Balmer lines for individual galaxies. These effects 
are amplified for evolved massive galaxies, especially those experiencing successive bursts and 
containing a substantial fraction of A and F stars. Unfortunately these stars are predominant 
in intermediate mass galaxies, and thus contaminate extinction measurements by their large 
Balmer absorption. 



Lamareille et al. ( 2009 ) have derived the mass- metallicity relation of star- forming galaxies up 
to z~0.9, using data from the VIMOS VLT Deep Survey. At z~ 0.77, they have found that low 
mass galaxies, log Msteiiar = 9.4 M©, have metallicities —0.18 dex lower than galaxies of similar 
masses in the local Universe. On the contrary to Savaglio et al. (2005), they have observed 
that massive galaxies {log Msteiiar ~ 10.2 M©) show the stronger evolution and have much lower 
Z than their local counterparts (—0.28 dex). They have concluded that the mass-metallicity 
relation is flatter at higher redshifts. The Lamareille et al. (2009) sample and the IMAGES- 
F0RS2 sample are not directly comparable because they do not cover the same range of stellar 
mass. The Lamareille et al. ( 2009 ) sample is composed of galaxies with stellar masses in the range 
8.9 < log Msteiiar < 10.2 Mq while stellar masses in the IMAGES sample have log Msteiiar > 
9.8 M0. The larger evolution found in our sample, —0.31 dex for a mean log Msteiiar = 10.5 Mq 
at z~0.6, is compatible with their conclusion of a flatter mass-metallicity relation at higher 
redshifts. However, I have shown in Introduction Section 3.3 that with low resolution spectra, 
such as those of the VVDS sample (R=230), the metallicity can be underestimated. The effect 
is higher at low metallicities than in high metallicities due to the shape of the log{0/H) + 12 vs. 
-R23 relation. This bias may explain part of the flatness of the M-Z relation found in [Lamareille 
erall(p009l). 
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Redshift bin 


A[12 + log{0/H)] 


error A[12 + log{0/H)] 


0.40 <z< 0.55 


-0.26 


0.08 


0.55 <z< 0.75 


-0.30 


0.04 


0.75 <z< 0.95 


-0.39 


0.09 



Table 4.1: Offset between local relation and the 3 redshift bin. 



Influence of morphological and environment properties 

The effect of the environment and morphology on the M-Z relation has been recently investigated 
in the local Universe. Kewley et al. (2006) have found that the metallicity in the nuclear regions 
of galaxies in very close pairs is displaced to lower levels than those measured in more distant 
pairs and isolated galaxies. The authors have claimed that this effect is caused by gas inflows 
triggered by interactions. I have searched for systematic effects due to environment properties 
by isolating the sub-sample of galaxies standing in the CDFS structures, situated at z=0.670 and 
z=0.735. Metal abundance may be higher in these galaxies because of higher merger rates and 
then faster galaxy evolution. Nevertheless, I have found that the galaxies in the CDFS structures 
are located in the same locus as the rest of the sample and thus there is no evidence of any bias. 
This is probably due to an effect of data selection. The working sample majority includes 
starburst galaxies with intermediate mass. The evolved galaxies in structures are expected to 
be massive galaxies with poor star-formation. 

During my thesis, I have also investigated the influence of other galaxy properties in their 



locus in the M-Z relation. In Han et al. (2010) (see article in annex), we have investigated the 



properties of long-duration gamma-ray burst host (GRB) and in particular the location of GRB 
host in the M-Z relation. We found that GRB host show obvious discrepancies from M-Z relation 
derived from low redshift galaxies from several samples: they have lower metallicities compared 
with other galaxies from those samples. This observation and the presence of Wolf-Rayet stars 
in the spectra of GRB host have enable us to shed more light on the GRB progenitors. In fact 
these observations may indicate that long-duration GRB are associated to the first stages of star 
formation in pristine regions of the host galaxy and thus support the "core-collapsar" model for 
this kind of GRB. 



4.2.3 Evolution of the stellar mass-metallicity relation 
Evolution in the IMAGES sample 

I searched for a redshift evolution of the metal content inside the sample of intermediate redshift 
galaxies. As the sample covers a large range in redshift, from z=0.4 to z=0.95, I have split it into 
3 redshift bins: 0.4 < z < 0.55, 0.55 < z < 0.75 and 0.75 < z < 0.95. In each redshift bin, I have 
measured the median shift of the local relation toward lower metallicity. The uncertainty on the 



median offset was calculated by a bootstrap resampling method. Fig. 4.3 shows the evolution 



of the M-Z relation along the 3 redshift bins. The median offsets from the local relation in the 



3 bins are given in table 4.2.3 I find an evolution of the M-Z relation from z~0.45 to z~0.85 of 



A[12+log(O/H)]=-0.13 dex. 



Evolution in the literature 



Using samples from the literature at different redshifts, I have evaluated the evolution of the 
M-Z relation from z~3 to local. The comparison between different samples needs consistent 
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Figure 4.3: Evolution of tlic M-Z relation inside the Sample A+B. Left Panel:The 17 galaxies from 
the 0.4 < z < 0.55 bin. Middle Panel:The 38 galaxies from the 0.55 < z < 0.75 bin. Right Panel: 
The 15 galaxies from the 0.75 < z < 0.95 bin. The galaxies with masses under the completeness limit are 
plotted with open circles. Objects with log{R23) > 1 and AGN are not plotted. The median of each bin 



is marked in dashed red line, see Table 4.2.3 for the A[12+log(0/H)]. The local relation from Tremonti 
et al. (2004) is marked with a green line. Only galaxies over the completeness limit log Afstciiar < 10 have 



been taken into account to calculate the median shift. The two black lines in the right panel arc the 
median of the two previous bin. 



measurements of oxygen abundance and stellar mass. In fact, particular care has to be taken 
when comparing metallicities from different metallicity estimators, especially when the aim is to 
evaluate the offset between samples. The systematic error due to the use of different calibrations 



be as high as 0.5 dex and thus can be higher than the metal evolution, cf. Rupke et al. (2008); 



Kewley Sz Ellison ( 2008 1 . I have thus trying to minimize the possible sources of bias induced by 



the unhomogeneous estimation of stellar mass and metallicity. 
The samples used in the comparison are described below: 



• Lara-Lopez et al. (2009) have derived the M-Z relation of massive {log M stellar > IO.SMq) 
star forming galaxies from SDSS-DR5. They have found a decrement of ~ 0.1 dex in 12 + 
log(0/H) from redshift to 0.4. The metallicity has been estimated using the R23 method 

The stellar masses have been derived from 



with the Tremonti et al. (2004) calibration 



full-spectra fitting method using the STARLIGHT software. According to Mateus et al. 



(2006), this method gives stellar masses 0.2 dex higher than those derived from bayesian 



method ( [Kauffmann et al.||2003"bHTremonti et al.||2004 ). 



Liu et al. (2008) published the mass- metallicity relation for 20 galaxies from the Deep 
2 Galaxy Redshift Survey at 1.0 < z < 1.5. We only considered the 7 galaxy spectra 
having individual oxygen measurements. As only [OIII], H/3, [Nil] and emission line 
measurements were available from the NIRSPEC/Keck observations, the A'^2 parameter 



was used with the Pettini Sz Pagel (2004) calibrator to estimate their metallicity. The 



stellar masses were calculated from K-band photometry and the procedure proposed by 



Bundy et al. (2005) 
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At z~2, Shapley et al. (2004) observed 7 star-forming galaxies. Their oxygen abundance 



was estimated using the parameter and the Pettini Sz Pagel (2004) cahbration. Their 



stellar masses were calculated by fitting their spectral energy distribution. 



At the same redshift, (z)=2.26, Erb et al. (2006a) have measured the metal abundance 



of 6 composite spectra from 87 star-forming galaxies selected by ultraviolet rest-frame 
luminosity and binned by stellar mass. They used the same calibration for estimating 



12 + log{0/H) and the same stellar mass estimates as Shapley et al. (2004). 



Maiolino et al. (2008) presented preliminary results from the AMAZE large program to 
constrain the M-Z relation at z=3, see also Mannucci et al. (2009). The oxygen abundance 



was measured by the R23 parameter and following the procedure described by Nagao et al. 



(2006). We only selected the 5 objects above our stellar mass completeness limit and used 



the i?23 measurement to estimate the metal abundance using the Tremonti et al. (2004) 



calibration. The stellar masses have been derived by fitting the spectral energy distribution 



to multi-band photometry using Hyperzmass (Pozzetti et al. 2007) 



Three samples use the A^2 parameter to evaluate the oxygen abundance. Unfortunately, 
metallicity estimation based on A^2 can give strongly discrepant results compared to those de- 
rived from i?23 and thus cannot be directly compared. To compare the galaxy metallicities using 



the A^2 parameter I decided to re-evaluate the metallicities using the Denicolo et al. (2002) cal- 
ibration. This calibration is similar to the Tremonti et al. (2004) one and other R23 based 
calibrations in the working range 8.4 < 12 + log{0/H) > 8.7 ( [Kewley Ellison||2008 | [Tremonti 



et al. 2004). For the galaxies in the sample having [Nil] measurements, I compared the metal- 



licity to those of several A^2 calibrations. I confirmed that the Denicolo et al. (2002) calibration 



gives similar results to the abundances estimated in this work. The M-Z diagram for the local. 



intermediate and high redshift samples are plotted in Fig. 4.4 
annex for discussion of systematics. 



See Rodrigues et al. (2008) in 



The chemical evolution over the past 8 Gyr 



I have measured the median offset of the local relation and the associated uncertainty in all the 
high-z samples. The offset A(0/H) for the 3 redshift bins of the intermediate galaxies and for 



the four high-z samples are plotted in Fig. 4.5 as a function of lookback time. I found that 
the evolution of the mean metallicities from the local Universe to a lookback time of ~12 Gyr is 
linear with a slope given by: 

log Ztb/Zo = -0.046 X tGyrs (4.1) 

I have assumed that the shape of the M-Z relation remains constant over the past 8 Gyr. 
Notwithstanding, several authors have claimed a change of the slope in the relation at higher 
redshift ( [Savaglio et"aL]|2005[ pimareille et aL]|2009| |Erb et al.|[2006a| ), but the effect seems no ; 
to be very strong within this range of stellar mass and the change of slope is a source of intense 
debate in the community. 

The main source of systematic uncertainty is the one induced by the metallicity calibrations, 
mainly the difference between the calibrations based on A'^2 and i?23- However, even using the 



Pettini & Pagel (2004) calibration instead of the Denicolo et al. (2002) calibration, we find a 



linear evolution of the metal content in galaxies with a similar slope. As the evolution of the 
M-Z relation is strongly constrained at z~0.6, any bias in the high-z sample will not change the 
shape of the A{0/H) — z relation, but only its slope. 
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Figure 4.4: Stellar mass-metallicity relation for the SDSS galaxies in contours and dots (z=0, (Tremonti 



et al. 2004 Bell et al. 2003) ) and the 58 intcrmediate-z galaxies above the completeness mass limit in 
red filled circle. Galaxies below the completeness mass limit are plotted with red open circles. The local 
relation is plotted in green (Tremonti et al. "20041) and the median of the intermediate-z relation is in red. 



The 7 individual galaxies at z>l of Liu et al. (2008] ) are plotted as black triangles. The two z>2 samples 
are plotted in blue: inverted blue triangles indicate the 7 star- forming galaxies of Shapley et al. ( 2004| ); 



blue stars indicate the 5 stellar mass bin of Erb et al. (2006a). The z > 3 sample of Maiolino et al. (2008) 
is plotted in green squares. 



4.3 The star-formation efficiency 



I have estimated the doubling time, defined by tD = Afsteiiar/5'FiiTotai> for emission line galaxies 
in the IMAGES sample. The SFR for galaxies without IR detection was estimated using the 
LiR limit of detection of MlPS/Spitzer and the SF R2800 (see previous the Chapter). 

I confirm that massive galaxies convert less gas into stars than lower mass galaxies at 0.5 < 
z < 1: e.g the for a massive galaxy (log Msteiiar=ll) is above 3Gyr whereas a less massive 
galaxy (logMsteiiar=10.3) doubles its stellar content in less than 1 Gyr. This effect is usually 
called "downsizing": low mass galaxies form stars at later epochs than massive galaxies. 

The small values of the doubling time in intermediate mass galaxies at z~0.6 (see Figure 



4.6) confirm the strong evolution of these sources at this epoch. I have found that the doubling 
time diminishes with redshift which is mainly due to the star-formation activity increase with 
redshift. 
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Figure 4.5: The metallicity shift from the local relation of the 4 high-z samples as a function of lookback 
time is plotted as black open squares. The metallicity shift for the 3 redshift bins of the IMAGES sample 
are in black squares and the median of the 3 bins is a red triangle. 



4.4 Evolution of the gas fraction 



In this section I derive the gas fraction of a representative sample of z ~ 0.6 intermediate mass 
galaxies. I have gathered high-z samples with gas fraction estimation and compared them with 
the z ~ 0.6 galaxy sample. In order to compare homogenous gas fractions and stellar masses at 
different redshifts, I have converted all the gas fraction and stellar masses to the same IMF. The 
stellar masses are all given in Salpeter 'diet' IMF (IBell et al."2003') and the SFR used to derive 



the gas mass are in 'regular' Salpeter IMF. Hammer et al. (|2009a) have argued that the stellar 
masses derived with 'diet' Salpeter IMF with the Bell et al. (2003) recipe are roughly equal to 



those derived from Bruzual Sz Chariot (2003) models and a 'regular' Salpeter IMF. I have thus 



not corrected the stellar masses and SFR for this two different IMFs. 



4.4.1 The gas fraction at z~0.6 
Description of the data sample 



In Section 3.7, I have derived gas fractions for a sample of 45 intermediate mass galaxies, at 
z ~ 0.6, hereafter Sample A. I have completed this sample with 36 galaxies from Puech et al. 



(2010). The galaxies in Puech et al. (2010) have been observed with 3D spectroscopy with 



VLT/GIRAFFE in the framework of IMAGES survey, see Section [l.l[ The targets have been 
selected with the same selection criteria that those of Sample A: Mj > —20.3 and EW{OII) > 
15 A. The two samples have homogeneous measurements of SFRs and Msteiiar- Moreover, the gas 
radius of Sample A galaxies have been derived using a calibration established from the extension 
of the ionized gas measured in the 3D observations of Puech et al. (2010), see section 3.6 The 
final sample (i.e., F0RS2+GIRAFFE) is composed of 81 galaxies with a mean redshift of 0.666. 
I have verified the representativity of the IMAGES sample by comparing the distribution 
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9,5 10.0 10.5 11.0 11.5 
logM (stellar) 

Figure 4.6: Doubling time, defined by Id = MstcWm- / S F Rm, for emission line galaxies in the IMAGES 
sample. The downward arrows are galaxies without 24 /im detection for which the SFR has been estimated 
using the the detection limit Lir, limit of detection of MlPS/Spitzer. The approximated location of 
quiescent and LSB galaxies, which are not included in the sample, are represented by red and blue 
region. 



of their AB absolute magnitudes in K-band with the K-band luminosity function at z=0.5 and 
z=l from Pozzetti et al. (2003), see fig. 4.7 Kolmogorov-Smirnov test supports that the Mk 



distribution of sample A+IMAGES and those of the luminosity function, in the redshift range 
z=0.4 and z=0.98, have 88% probability to arise from the same distribution. The sample is 
representative in the mass interval log Msteiiar>^-8- 



Gas fraction vs. stellar mass 



The properties of the final sample and the two sub-samples are summarized in table 4.2 
uncertainty on the median gas fraction has been estimated by bootstrap resampling. 



The 



Sample 


N 


< z > 


^ Rgas ^ 


< log Mstellar > 


< /i > 








kpc 


dex 


% 


Sample A 


45 


0.666 


8.58 


10.30 


34.3±5.5 


log Mstellar > 9-8 


35 


0.669 


9.17 


10.43 


27.4 


Puech et al. 2010 


36 


0.668 


10.09 


10.38 


30.8±9 


Sample IMAGES 


81 


0.666 


9.17 


10.38 


32.9±3 


log Mstellar > 9-8 


70 


0.668 


9.23 


10.41 


30.3±13 



Table 4.2: Main properties of the gas sample. 
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Figure 4.7: Distribution of the absolute magnitude in K-band for the gas sample (in black). The red 
lines are the luminosity function from Pozzetti et al. (2003) at z~0.5 in dashed-line and at z^l in solid 
line. 



Fig 4.8 puts into evidence the strong correlation between the gas fraction and the stellar 
mass: lower stellar mass galaxies have higher fraction of gas. This relation have already been 



observed in the local Universe (McGaugh & de Blok 1997: Bell Sz de Jong 



2004) and at higher redshift, e.g. Erb et al. (2006c) at z~2 and Mannucci et al. (2005) at z~3. 



2000 



Kannappan 



The fi vs. logMsteiiar relation 

I have fitted the /i vs logMsteiiar relation with an exponential function. If only galaxies having 
secure total SFR (with IR detection) and stellar mass over the limit of completeness are taken 
into account, I get: 



^x = 3.10^ e 



-O.SSxlogAIstellar 



(4.2) 



The solution of the best-fit is shown in fig 4.9 The la spread of the data is about it 14% in fi. 



Comparison with local sample 

The gas fractions in z~0.6 intermediate mass galaxies are larger than in the local Universe. For 
reference, the Milky Way has a gas fraction of 12% (Flynn et al. 2006) and M 31 has fi=5% 
(Carignan et al. 2006). In the local Universe, the gas fractions derived from the K-S law are 
twice lower than those of z~0.6 galaxies (ALFALFA survey by Schiminovich (2008")). Compared 
to the local relation of Schiminovich ( 2008| ), the z ~ 0.6 galaxies have ~10% (20%) higher gas 
fraction than their local counterparts at log Mg^eHar = 10.43 (9.8 M©). 



Is the sample SFR-limited? 



By construction (see 2.4), the IMAGES sample is made up of emission lines galaxies with 
EW(i7/3)>15A and hence it is SFR-limited. This limit in SFR induces a lower limit on the 
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Figure 4.8: The gas fraction derived from the inversion of the Kennicutt-Schmitt law as a function of 
the stellar mass derived from the absolute magnitude in K band. The two sub-samples composing the 



IMAGES sample have been plotted with different symbols: Sample A with circle and Puech at al. (2010) 
with triangles. The color red codes the availability of 24/im observations: red symbols are galaxies without 
MIPS detections. For these galaxies the total SFR has been estimated using the SFRnp (extinction and 
aperture corrected) for the Sample A data and SFRum from the MIPS detection limit at (Le Floc'h 



2005) for Puech et al. (2010) galaxies. The red dashed-line represents the effect of the limit detection of 
the SFR on the gas fraction. 



Mgas which can be detected. Such a limit affects the low mass region in which only the very gas- 
rich objects can be detected. The /i detection limit has been evaluated using SFRiim=2MQ/yic. 
As the dependence of Rgas on the stellar mass is small, a possible evolution of the mass-size 



relation does not dramatically affect the calculation of the /i detection limit. In fig 4.8 I have 
overploted the /i detection limit as a function of the stellar mass using a red dashed line. The 
z ~0.6 galaxies are well over the SFR limit threshold. I have concluded that the shape of the 
H vs. logMstar relation and the higher gas fraction found are real and are not due to any bias 
from the SFR-limit. 



4.4.2 Gas fractions at z>1.5 from the literature 



Daddi et al. (2010) 



The authors have estimated the gas fractions of normal, near-IR selected galaxies at z~1.5 using 
CO observations. They have used dynamical models of clumpy disk galaxies to derive dynamical 
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Figure 4.9: The gas fraction ii vs logMsteiiar for tlie IMAGES sample liaving IR detection. The data 
has been fitted with an exponential law, see text above. The la dispersion of the data is about ± 14%. 
The approximated location of quiescent and LSB galaxies, which are not included in the sample, are 
represented by red and blue region. 



masses and then estimate the gas mass. To be consistent with the gas fractions derived in the 
z ~ 0.6 sample, I have re-estimated the gas fractions in the Daddi et al. (2010) sample from the 
tabulated Rco-, SFR and logMstMar and the K-S law. This new derivation leads to a median 
gas fraction of 61%±6 for a median log Msteiiar=W. 72. This value is in very good agreement 



with the gas fraction derived by Daddi et al. (2010) from the simulation 



Erb et al. (2006b) 



The galaxies discussed in this paper are drawn from the rest-frame UV-selected z~2 spectroscopic 
population described by Steidel et al. (2004). The sample is not necessarily representative 



of the UV-selected sample as a whole, because objects were chosen for near-IR spectroscopy 
for a wide variety of reasons, such as: galaxies near the line of sight of a QSO; elongated 
morphologies in most cases, with a few more compact objects; galaxies with red or bright near- 



IR colors or magnitudes; galaxies with excellent deep rest-frame UV spectra (Erb et al. 2006c) 



Even more, due to the criteria of selection, they may have selected red and bright objects and 



therefore mainly massive galaxies at these redshift (see figure 5 of Erb et al. (2006c)). Given the 



distribution of stellar mass, the sample of Erb et al. ( |2006c ) is representative of massive galaxies 
with log Mst(,iiar > 10.8 M0). The representativity of the full sample of UV-selected galaxies at 
z~2 is however difficult to evaluate. 

In order to have homogeneous measurements and methodologies between the z ~ 2 and 
z ~ 0.6 samples, I have re-derived the gas fraction of Erb et al. (2006a) from the tabulated 
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SFRjjy, SFRffac, Rgas and log Msteiiar in Erb et al. ( 2006a|b|c ). The SFRs and stellar masses 
have been derived in Erb's papers assuming a Chabrier (2003) IMF. I have converted these 



values to a |Salpeter| ( [l955| ) IMF by multipling them by 1.8 ( |Erb et al.||2006aD . The total SFR is 
defined as the sum of the dust extincted SFRuv and the SFRho corrected for extinction and 
apertur^^ The extinction has been estimated from SED fitting and then applied to the stellar 
UV continuum and to the nebular emission line Ha. Erb et al. (2006c) derived gas masses 



where FWHMgas is the extension in the slit of the Ha 



considering a gas surface of FWHMg^ 
emission. The gas surface of z ~0.6 galaxies has been estimated assuming a circular distribution 

Following 



of the light equal to 7ri?; 



2 

gas- 



Puech 



(2010), I have assumed the Rgas in 



Erb et al. 



(2006c) to be 2a of the Ha emission distribution. Assuming that the gas surface is Gaussian 



Rgas is then equal to (2/2.35) FWHMhol- This new derivation leads to a median gas fraction 
of 53.1%±5 for a median log Msteiiar=^0.4:l. 

There are not tabulated errors for SFRfja and SFRjjv in Erb's papers. I have thus taken 
the typical error bars for e^=20% and log M stellar = 0.3 dex. These error bars take into account 
the uncertainty on the estimation of Rua (~30%), on the Ha flux measurement and the aperture 
and extinction corrections (factor 2), and the uncertainty due to the scatter in the Schmidt law 
itself (~ 0.3 dex). 

In fig 4.10[ I have plotted as a function of log Mst(,iiar for the z ~ 2 galaxies, with the new 
estimation of /i. The /i limit detection has been plotted with a red solid line. The sample is not 
biased by the SFR-limit and thus the large gas fraction found for low mass galaxies is not due to 
the effect of the limit of SFR detection. However, it is difficult to infer any conclusion about the 
z=2 galaxies because the sample is not complete for massive galaxies with log Msteiiar < 10.7 Mq. 



Z'^S sample Mannucci et al. (2009) 



In Mannucci et al. (2009), the authors present preliminary results for the sizes, SFRs, morpholo- 



gies, gas-phase metallicities, gas fractions and effective yields of a sample of z~3 Lyman-break 
galaxies. However, they have not considered companions and secondary peaks of emission when 
measuring the gas extension. Therefore the gas mass is only consistently derived for the central 
region and the gas fraction estimation may suffer of strong underestimation. I have thus decided 
not to keep this sample in the comparison. 



4.4.3 Evolution of the gas fraction during the past 8 Gyr 



Figure [4TT] shows the evolution of the /i vs. log Msteiiar of intermediate mass galaxies at different 
lookback times. The local galaxies from Schiminovich ( 2008[ ) are represented as a blue line. For 
clarity the z ~ 0.6 (black dots) and z ~ 2 (red triangles) samples have been represented in 
bins with equal number of galaxies, ~12 and ~15 galaxies respectively. Each point represents 
the median gas fraction and stellar mass in the bin. The errors bars are the quadratic sum of 
the dispersion in each bin and the error on the evaluation of the median value calculated by 
bootstrap resampling. 



The Erb et al. (2006a) sample is only complete for massive galaxies with log M > 10.7 Mq. 
Thus the comparison between the local, z ~ 0.6 and z ~ 2 sample is only valid for galaxies 
above this limit. I found a significant evolution of the gas fraction of 9 — 14% in the high mass 
galaxies. In the local Universe the mean gas fraction in the 10.6<logM<11.2 interval is 10%, 
and evolves to 19-24% at z ~ 0.6 and reaches 34-45% at z ~ 2. 



The SFRhc does not trace the same population than the SFRm, however 



Flores et al. 



that when corrected horn aperture and extinction the two SFR estimates give similar results. 



( 2004 1 have shown 
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LogM star 



Figure 4.10: The gas fraction vs stellar mass of the z ~ 2 sample of Erb et al. (2006b I. The stellar mass 
has been converted into a 'diet' Salpter IMF and the gas fraction have been re-derived as explained in 
the text. The solid red line is the limit of detection of /i derived from the limit of detection of the Ha 
emission line. The sample is only completed for log Msteiiar above 10.7Mq. 



In figure 4.12, I have plotted the evolution of the gas fraction normalized to the local gas 
fraction as a function of lookback time for three ranges of stellar mass and the range of stellar 
mass in which IMAGES sample is complete. Only the most massive range, with log M stellar 
above 10.6, corresponds to the evolution of a complete sample at the three lookback times. I 
found that the evolution of the mean gas fraction from the local Universe to a lookback time of 
~10 Gyr is linear with a slope given by 

log //tb/AiO = 0.052 X tcyrs- (4.3) 

This result has to be put in parallel with the evolution of metallicity in the gaseous phase 
for star-forming galaxies, see fig |4.5[ The two quantities have complementary evolution: gas 
decreases by a ratio of 0.052 dex per giga year while metallicity increases by 0.046 dex per giga 
year. It suggests that all the evolution of the gas content in those galaxies is due to the conversion 
of gas into stars. 

Systematics 

The comparison between the gas fraction of different samples can be affected by several sys- 
tematics, such as the estimation of the gas radius and the SFR, and the representativity of the 
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Figure 4.11: The gas fraction /x vs. stellar mass in local, intermediate and high-z samples. The local 
galaxies from Schiminovich (2008) are represented as a blue line. For clarity the z ~ 0.6 (black dots) and 

A2 and 



2; ~ 2 (red triangles) samples have been represented in bins of 
gas fraction at z 



^15 galaxies respectively. The 



1.5 from the CO observation of Daddi et al. (2010) is plotted with green stars. 



samples. The uncertainties related to the exact slope of the KS relation are certainly marginal 
because the distributions of SFR surface densities in the samples are concentrated within a quite 
small range, S SFR = 0.01 - 0.1 MQ/yr/kpc^. In fact, |Puech et al] ( |2010| > have discussed that 
the variation on the power law of the KS does not affect this range of S SFR. Therefore, a 
possible evolution of the power-law index of the K-S law, between z=0 and z~0.6, will weakly 
affect the results. Uncertainties in estimating the gas mass are probably dominated by the deter- 
mination of the gas radii. Indeed, the gas radius is difficult to measure with accuracy for severals 
reasons. To overcome the lack of data giving the distribution of the ionized gas, the UV-band 
has been used as a proxy of the ionized gas. However, Puech et al. (2010) have shown that 
the extension of the ionized gas can be much more extended than the UV light in intermediate 
redshift galaxies. The gas radius derived from UV half radius can thus be underestimated in 
distant galaxies. Moreover, the gas surface is calculated by assuming a circular overture, while 
galaxies at high redshift have clumpy morphologies. The complex distribution of the gas in 
high-z galaxies may introduce large uncertainties in the derivation of the gas mass. 
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Figure 4.12: The evolution of the gas fraction with lookback time: log{jj,{t)/ iJ,{to)) as a function of look- 
back time for logM>10.6 (black symbol), 10<logM<10.6 (pink symbol) and logM<10 (blue symbol). Star 
symbols include galaxies with stellar masses in the completeness range of IMAGES sample (logM>10). 

4.5 The Yield 

4.5.1 Introduction 
Definition 

In a Closed-box model (Searle &: Sargent 1972, Pagel & Patchett 1975, Pagel 1981) in which 
galaxies evolve passively without any exchange of gas with the environment, the enrichment 
of the ISM is strictly due to the feedback from star formation. The total mass of a galaxy 
remains constant with time. Searle and Sargent, 1972 had introduced the equations describing 
the Closed-Box model. In a galaxy with an initial gas mass M*^^, the gas is converted into stars 
at the star formation rate. One part of the gas transformed into stars is injected in the ISM 
when stars finish their life. The evolution of the gas in this model can thus be written : 

^ = -cPit) + E{t) (4.4) 

where (j) is the star formation rate and E(t) is the rate at which dying stars restore material into 
the ISM at time t. In the same way, the evolution of metals is : 

'^^^^ = -Z<Pit) + Ez{t) (4.5) 

where Ez represent the rate at which metals are ejected into the ISM. Searle and Sargent have 
demonstrated that the solution of equation |4.5|is 



Z = yzlnil/fi) (4.6) 
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where yz is the true nucleosynthetic yield, defined as the mass of newly produced metals that is 
locked up in long-lived stars and stellar remnants and /x the gas fraction. The model assumed 
the following assumptions : 

1. the system is closed, no inflow or outflow; 

2. the initial gas is pristine; 

3. the metals produced are instantaneously mixed in the ISM. 

To evaluate the deviation of the evolution of a galaxy to a closed-box model, the effective 
yield defined by ye// = Zgas/ln{l/ ^) is compared to the true yield. In fact, any infall of pristine 
gas or expulsion of metals through an outflow will decrease the value of the effective yield, see 



analytic models from Edmunds (1990). As instance, Dalcanton (2007) have investigated the 



influence of gas fall in the effective yield using analytical models. They have demonstrated that: 
(1) metal- enriched outflows are the only mechanism that can significantly reduce the effective 
yield, but only in gas-rich systems; (2) that it is nearly impossible to reduce the effective yield of 
a gas-poor system, no matter how much gas is lost or accreted; (3) any subsequent star formation 
rapidly drives the effective yield back to the closed-box value. 



Yield in the local Universe 



Tremonti et al. (2004) have derived the yield of 53 000 local star-forming galaxies from the SDSS 
and found that low mass galaxies have lower effective yield than massive galaxies. This trend 
can be explained by the presence of strong outflows in low mass galaxies. Indeed, the intensity 
of an outflow is expected to be more important in low mass galaxies in which the gravitational 
potential well is small, allowing metals to escape from the system. The autors argue that outflow 
is the main driver of the mass-metallicity relation shape in the local Universe (Tremonti et al. 
2004), see Fig|4.13[ 



Yield in high-z galazies 

In the last flve years, numerous surveys have collected gas metallicities and gas fraction for 
a large number of local to very high redshift galaxies. These observations have allowed to 
investigate the contribution of outflows and inflows at different epochs. Contrary to what is 



found in the local Universe, Erb ( 2008 ) and Mannucci et al. ( 2009 ) have shown that the effective 



yield decreases with the stellar mass at redshifts above 2: Massive galaxies are more distant 
to a closed-box evolution than less massive ones. These surprising results can be explained by 



considering the infall of pristine gas. Erb (2008) have recently proposed an analytic model to 



describe the effect of infall and outflow on the evolution of metals, assuming a star formation 
given by the Kennicutt-Schmit law. She found that the strong star formation in z = 2 galaxies 
is sustained by the accretion of gas at approximately the gas processing rate, the outflow rate 
is roughly equal to the SFR, and metal enrichment is modulated by both outflows and inflows. 
Using a similar approach, Mannucci et al. (2009) have reached the same conclusion for z = 3 
Lyman break galaxies. 



4.5.2 The yield at z~0.6 

Using the metallicities and the gas fractions derived in the previous chapter, I have estimated 
the yields of sample A, a representative sample of z ~ 0.6 intermediate mass galaxies. Figure 
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Figure 4.13: Effective yield as a function of total baryonic mass (stellar +gas mass) for 53,400 star- 
forming galaxies in the SDSS. The large black points represent the median of the SDSS data in bins of 
0.1 dex in mass which include at least 100 data points. The solid lines are the contours which enclose 
68% and 95% of the data. The colored crosses are data from Lee, McCall, & Richer 2003, Garnett 2002, 
and Pilyugin & Ferrini 2000. Both the metallicities and the gas masses used to derive the effective yield 
have been computed differently in the SDSS data and the samples from the literature. The agreement 



nevertheless appears quite good. From Tremonti et al. (2004) 



4.14 shows the relation between gas fraction and metalhcity. I have overploted with a red sohd 
line the theoretical model for a closed-box model with yield=0.0148, see equation above. The 
z ~ 0.6 galaxies are well fitted with a closed-box model. I fit the data with the models with 
outflow and infall of Erb ( 2008 ) . The data is compatible with models close to the closed-box 



model having small contribution of outflow and infall. 



4.6 Toward a chemical enrichment scenario 



The quality of the F0RS2 data have allowed us to investigate the main ingredients of the 
chemical evolution: metals, gas mass, stellar mass, and the SFR. The main results are: 

• The M-Z relation at z ~ 0.6 puts on evidence the strong evolution (~ 0.3 dex) of metal 



content in the gaseous phase of galaxies (section 4.2.2). 



The M-Z relation at z ~ 0.6 has a larger dispersion than the local relation (section 4.2.2) 



The gas fraction doubles from z=0 to z = 0.6 (section 4.4.1). 

The effective yield of z ~ 0.6 galaxies is concordant with a closed-box model. However, 



small contributions of outflows and infalls are not excluded (section 4.5.2). 



There is no evidence of outflow from z ~ 0.6 galaxy spectra and therefore, that large- 
scale outflows do not play an important role in intermediate mass galaxies at this redshift 



(section 3.3) 
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Figure 4.14: Metallicity vs gas fraction of Sample A (dot symbols). The AGN candidates have not been 
plotted. The upward arrows are Sample A galaxies with lower limit of metallicity. The theoretical relation 
in the case of a closed-box model with yield=0.0148 is represented by a red solid line. 



In this section, I propose to assemble all these observations together into a consistent picture of 
the chemical evolution in intermediate mass galaxies. 

4.6.1 A closed-box evolution of galaxies during the last 6 Gyr 

The observations of the effective yield and the no detection of outflows in the integrated spectra 
support that z ~ 0.6 galaxies are well represented by a closed-box model. The validity of the 
closed-box model can also be tested from the evolution of the metal content and the gas fraction. 
Indeed, the amount of gas converted into stars assuming a closed-box model can be estimated 



from the M-Z relation, following the same methodology as Kobulnicky & Kewley (2004) and 



Liang et al. (2006a). The metal abundance Z is related to the gas mass fraction by 



Z(t) = Yln^^, (4.7) 

where /j, = Mgas/(Mgas + Mgteiiar) is the fraction of gas. As the yield is constant, the variation 
of metallicity depends only on the variation of the gas fraction : 

d(log Z) /d/i = 0.434/^ln// (4.8) 

The metals produced by a given fraction of gas in a closed-box model is thus given by: 

A[0/H] = [0/HU + l^f^^'!, (4.9) 
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Given the observed evolution of the gas fraction, I have estimated the evolution of the local M-Z 
relation of Tremonti et al. (2004) at z ~ 0.6 in the frame of a closed-box model. At a fix stellar 
mass, [0/H] is the metallicity at z=0 given by Tremonti et al. (2004) , fi is the fraction of gas 
at z ~ 0.6 and is the evolution of the gas fraction between z=0.6 to z=0. I have assumed 
that galaxies follow the logMsteiiar vs ^ relation of Schiminovich (2008) in the local Universe 
and the equation 4.2 for intermediate redshift galaxies. Figure 4.15 shows in blue dashed line 




9,0 9,5 10,0 10,5 11,0 11,5 12,0 
LogM stellar 

Figure 4.15: The observed M-Z relation at z ^ 0.6 (red symbol) and the predicted M-Z relation assuming 
a closed-box model and the observed evolution of the gas fraction (blue dashed line) . 



the expected M-Z relation at z ~ 0.6 given the observed evolution of the gas fraction in the 



case of a closed-box model. The local Tremonti et al. (2004) relation (solid black line) and the 
z ~ 0.6 galaxies (red dots) are also shown. The observed M-Z relation at z ~ 0.6 is compatible 
with a closed-box model. However, the observed relation is slightly over the theoretical model. 
The shift can be due to a systematic effect in the measurement of the metallicity or in the gas 
fraction. An overestimation of the gas fraction in the z~0.6 sample or an underestimation in 
the local universe can lead to the observed shift. However, the effect can be physical and may 
be due to a small amount of gas infall (not pristine). I am currently investigating the effect of 
such an infall using the analytic models of Erb ( |2008 ). 

A closed box model is a very crude approximation for intermediate mass galaxies, which can 
be affected by gas outflows, inflows and minor or major mergers. Indeed, a large number of results 
of IMAGES reveals the importance of merger events at intermediate redshift. A closed-box 
scenario, where galaxies evolve secularly, seem to be in contradiction with the violent exchanges 
of gas between galaxies during interaction and merger events. However, within a statistical 
argument, the whole intermediate mass galaxy population can be assumed to characterize most 
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of the gas to mass ratio of the Universe (Liang et al. 2006a). There are no infall or outflow, 
merger event with object outside the population of intermediate mass galaxies. For instance, 
in Delgado-Serrano et al. (2010), we have shown that the probability of a merger between two 



intermediate galaxies which will result in a remnant outside the range of mass is very small. 
The validity of closed-box model for the population of intermediate mass galaxies favors the 
conclusion of Hammer et al. ( 2009c ) . 



4.6.2 The effects of mergers in the dispersion of M-Z at 2; ~ 0.6 



Merger events induce redistributions of the gas & stars, and can power strong star-formation rate. 
During the past years, several authors have investigated the effects of interactions and mergers 



on the chemical content of galaxies. Kewley et al. (2006a) have found that the metallicity in the 



nuclear regions of galaxies in very close pairs is displaced to lower levels than those measured in 
more distant pairs and isolated galaxies. The authors have claimed that this effect is caused by 



gas inflows triggering by the interactions. Michel-Dansac et al. (2008) have found that for pairs 



showing signs of strong interactions, the mass-met allicity relation differs significantly from that 
of galaxies in isolation. In such pairs, the mean gas-phase oxygen abundances of galaxies with 
low stellar masses {log M stellar < 9) exhibit an excess of 0.2 dex. Conversely, at larger masses 
[log Msteiiar > 10) galaxies have a systematically lower metallicity, although with a smaller 



difference {—O.Obdex). Using N-body/SPH numerical simulations of equal-mass mergers, Rupke 
et al. ( 2010[ ) have shown that the low metal content found in the nucleus of interacting galaxies 
is due to radial inflow of low-metallicity gas from the outskirts of the two merging galaxies. 
Between the first and the second passage of the merger, low-metallicity gas from outer regions 
of the galaxy is tidal torqued into the high-metallicity galaxy center, resulting in gas with a 



lower average abundance. This results has been confirmed by Montuori et al. (2010) who have 



estimated a timescale around 10^ years or less for these strong inflow episodes. As the merger 
proceeds, the star formation depletes the gas and increases the metal content. The metallicity of 
the central region increases to a level higher than the initial metallicity of the merging galaxies. 



This scenario was first suggested by Rupke et al. ( 2008 ) to explain the low metallicities of local 



LIRGs, see figure 4.16 The large scatter in metallicity observed at intermediate redshifts, similar 
to those of local LIRGs, can be reproduce by the diversity of galaxy building histories within the 
framework of a merger scenario. I have found a similar trend in the IMAGES sample: LIRGs 
have lower metallicities than the star-forming galaxies at the same stellar mass. Unfortunately, 
the majority of LIRGs and the most metal poor galaxies in the sample do not have deep imagery 



because these galaxies arise from Liang et al. (2006a) sample which does not have ACS imagery. 



However, two galaxies from CDFS sample with lower metallicities with regards to median M-Z 
relation at z~0.6 seem to be mergers or interacting galaxies. For instance, J03324. 60-274428.1 



has two cores and can be probably classified as a merger during a first passage, see figure 4.17 left. 
J03337. 96-274652.0 (right) has a very perturbed morphology. The galaxy has a large amount of 
faint objects in its outskirts and an intense star-formation activity in the outer region of its disk 
(from the color map). Many of these faint objects have similar colors to the galaxy outskirt, 
and examination of its image strongly suggests that they are associated to it. The numerous 
surrounding satellites make us to suspect that the galaxy is apparently experiencing large gas 
infall/outflows in its halo. Its morphology is very similar to J033214. 97-275005. 5 which has 



been classified as a merger near fusion by Hammer et al. (2009a). However, only kinematical 
observations will enable us to class with a good confidence level these two galaxies. I have 
also investigated the properties of over-metal rich galaxies in the M-Z relation. According to 



Montuori et al. (2010) these galaxies should be late stage of merger. The luminous J033245.ll- 



120 



4-6. Toward a chemical enrichment scenario 




274724.0 galaxy seem to be a good example of such kind of object. It has very high metal 
content, Log{0/H + 12) = 9.14 and the detail simulation of its morpho-kinematics has proved 



that it corresponds to a final stage of major merger, see section 5.5.1 



4.6.3 'Downsizing' and hierarchical scenario 

The specific SFRs and the gas fractions of z ~ 0.6 galaxies show evidence of 'downsizing': 
low mass galaxies form stars and evolve at later epochs compared to massive galaxies. Several 
authors have pointed out that downsizing is in contradiction to the hierarchical scenario. Massive 
galaxies form later than low mass galaxies by accretion of small dark halos, in the bottom- up 



scenario. However Mouri & Taniguchi (2006) and Neistein et al. (2006) have demonstrated that 



the downsizing of star-forming galaxies is inherent to gravitational processes in the hierarchical 
scenario. Low mass galaxies have very long gravitational collapse time-scales due to their small 
potential well. Thus they start to produce stars later than massive galaxies. 



4.6.4 Chemical evolution of galaxies at higher redshift 



According to Erb ( |2008j ) and Mannucci et al. (2009), high-z galaxies are very far from a closed- 
box model. Both authors claim that the accretion of gas at approximately the gas processing rate 
is the main driver of distant galaxies evolution. The metallicity vs. gas fraction relation in distant 
galaxies also suggests the importance of outflows in these galaxies. However, these observations 
can also result from systematic effects due to the incompleteness of the high-z samples. The 
high-z samples selected by emission line only gathered the most active galaxies where outflows 
and infalls from merger can have strong contributions. This may systematically select galaxies 
with higher metal contents than the mean distant galaxy population. The emission line selected 
samples at high redshifts may not be presentative of a complete population of galaxies at a given 
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Figure 4.17: Composite image (B+V, i and z bands) of two IMAGES galaxies taken with the Advanced 
Camera for Surveys (ACS) of the HST (left column) and their B-z color map. The size of field-of-view 
is 5.0 arcsecxS.O arcsec (~30 kpcx30 kpc at z^O.6). Both galaxies have metallicities below the average 
of z ^ 0.6 galaxies and present evidence for merger. Up: J03324. 60-274428.1 has two cores and can be 
probably classified as merger during the first passage. Down J03337. 96-274652.0 have a very perturbed 
morphology. Its morphology is very similar to J033214. 97-275005. 5 which have been classified as a merger 



near fusion by Hammer et al. (2009a). 



lookback time. For example, the observation of Damped Lyman Absorber, absorption-selected, 
gives a quite different picture of the chemical enrichment at high-z. DLAs have lower metal 



content compared to emission selected galaxies and have a wider scatter in metallicity. Pettini 



(2006) discusses the metallicities measured in different systems at high redshift, as a function of 



their typical linear scales. He claims that it is the depth of the potential well shaped by baryons 
that drives the pace at which gas is processed though stellar nucleosynthesis at early epochs of 
galaxy evolution. 
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Stellar mass and stellar populations 
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5.1 The stellar mass 



5.1.1 A poorly constrained quantity 

Many works have put on evidence the fundamental role of stellar mass in galaxy evolution. Stellar 
mass is found to correlate with many galaxy properties, such as luminosity, gas metallicity, color 
and age of stellar populations, star-formation rate, morphology, and gas fraction, to enumerate a 



few o f them (jBrinchmann fc Ellisl[200()t [Bell et al.l[20()3t [Kauffmann et al.|2003b| [Tremonti et al 
2004} [Bell et al.|2007p . Ironically, the stellar mass is one of the most poorly constrained quantities 
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in distant galaxies. This difficulty arises from the fact that one of the main contributors to stellar 
mass, the low-mass stars on the main sequence (type G to K stars) are extremely faint and almost 
do not contribute to the integrated light of a whole stellar population. The strong dominance 
of young massive stars in any stellar population is responsible from the strong sensibility of the 
SED shape to the star-formation history. 



5.1.2 The stellar mass-to-light ratio 

The stellar mass of a galaxy can be estimated from its luminosity and its mass-to-light ratio 
(M/L). The value of the M/L ratio depends on the observed band and the star formation history 
of each galaxy. In the B-band, main sequence stars represent more than 80% of the light, while 
the K-band light is dominated by post main sequences star, such as supergiant, AGB and RGB 



stars, see Fig 5.1 According to this, the B-band seem to be the most appropriate color band 
to measure the stellar mass. However, the luminosity in the B-band is dominated by massive 
young stars from the main sequence (type O to F) which turn the M/Lb very sensitive to the 
star-formation history and thus the estimation of the stellar mass in this band very uncertain. 
Fortunately, the mass-to-light ratio in near IR has a small dependence on the star formation 



history and it thus well adapted to estimate the stellar mass of galaxies, see Fig 5.2 This is 



a intriguing result since most of the near IR light is not coming from the main sequence stars 



which make most of the galaxy mass, see Fig. 5.1 It leads many authors to suspect that large 



uncertainties are related to these estimates, and wonder if these can apply equally to starbursts 
and early type evolved galaxies. Several methods have been introduced to take into account the 




log (age/yr) 



Figure 5.1: Fractional contributions to the B and K light of an instantaneous burst stellar population 
with solar metallicity and a Salpeter IMF, by stars on the main sequence and various post-main sequence 
evolutionary phases. From Chariot 1997 

influence of the SFH on the M/L ratio. They rely on the evaluation of the SFH of each galaxies 
by comparing absorption lines features or broad band-photometry to synthetic evolutionary 
models. Distant galaxies have usually low quality spectra which unable the estimation of their 
stellar populations and thus the estimation of their stellar mass from full-spectra fitting or lick- 
indices methods. The study of their stellar population rely thus on broad-band photometry 
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which gives considerably less observational constrains than the study of their spectra. There is 
a extend literature about the estimation of stellar masses and SFH in distant galaxies. Mainly, 
all methods rely on the SED fitting from a grid of models with different parametrization of the 
star formation history, see Part I Chapter 3: 

• Simple CSP. The SFH is parametrized by a exponential decaying SFR with an e-folding 
time T. A simple dust model is assumed. The best-fit of the data constrain the r, age. 



metallicity and extinction ( 


Papovich et al. 


2001 


Shapley et al. 


2001 


et al. 


2004 


Erb et al.||2006c 


)• 



Two component CSP. The SED is best-fitted by the combination of two CSP: a old stellar 
population modeled by CSP having an exponential decay SFH with a long e-folding time 



and a young stellar population also modeled by a CSP (Papovich et al. 2001, Cole et al. 



2001; Schawinski et al. 2007). 



Complex CSP with random burst. A grid of models with various SFH is generated by 
Monte-Carlo realization. The parametrization of the SFH is similar to the previous one, i.e. 
it is defined by an old stellar population with exponential decay SFR and a superimposed 
burst. The difference with the previous parametrization arise from the Bayesian approach 
to the problem. Indeed, the stellar mass, dust extinction and other quantities are estimated 



et al. (2005); Gallazzi et al. (2005). 



by the likelihood distribution Kauffmann et al. (2003b); Brinchmann et al. (2004); Salim 



However, even with the wealth of UV to mid-IR data from IMAGES, it is difficult to disentangle 
effects of metallicity, age, extinction, and past star formation history. In addition, all the derived 
quantities depend strongly on the models, in particular by the IMF, star formation history, and 
on the recipe for the extinction law assumed to generate the models, see discussion in [Puech 
erall(p008l) andlHammer et all (|2009ap. 



SFR «:exp(-l/T) 
T=l. 2. 4. and 7 Gyr 





B-V 



B-V 



Figure 5.2: Mass-to-blue light ratio (left) and mass-to-infrared light (right) ratio versus B-V color for 
models with various exponentially declining star formation rates (t=1,2,4,7 Gyr), compared to the values 
observed in nearby galaxies of varios morphological types. From Chariot 1997. 



5.2 Testing the algorithms from the Uterature 

In this section, I have tested the reliability of several methods available in the literature to 
estimate the stellar mass and the stellar populations from broad-band photometry. The objective 
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of this study is to estimate the possible systematic of SED methods when they are apphed 
to distant galaxies having high-star formation rate and young stellar populations. This is a 
preliminary study and thus does not aim to be exhaustive of all available methods based on 
SED fitting. All the methods use a grid of stellar population templates from evolutionary 
synthetic populations models. I have used in all of them the models of Chariot & Bruzual 2007. 



5.2.1 Mock galaxy library 



To test these methods, I have generated a SED library of fake galaxies having similar properties 
to the IMAGES galaxies. Each galaxy has been generated by mixing six CSP from CB07 models 
having an exponential decaying star formation history with an e-folding time r = 100 Myr. The 
oldest population has an age of 7Gyrs, which corresponds to the age of the Universe at z ~ 0.6, 
and the other population have logarithmic spaced ages: 5 Myr, 200 Myr, 500 Myr, 1 Gyr and 
4 Gyr. I have not assumed prior on the star formation history. The fraction of light of each 
CSP follows a uniform random distribution, see Fig. 5.3 central-panel. The library is thus 
compounded by galaxies having very different SFH: from galaxies dominated by old star as well 
as pure starburst galaxies having almost of their stellar mass created recently. The range of 
absolute magnitude, controlled by a normalization parameter, has been chosen to reproduce 



the stellar mass range of IMAGES galaxies, see Fig. 5.3 left-panel. I have also added a recipe 
for dust extinction. I have assumed that the dust extinction affects principally the new born 



stars and thus applied a Cardelli et al. (1989) extinction law only to the two youngest stellar 
populations. The Cardelli et al. (1989) law is parametrized by two variables: E{B — V) and 
Ry- The ranges of value assumed by these variables are set to follow the observed values of 
E{B — V) and Ry in local group galaxies ( |Fitzpatrick fc Massa|[2007l ) : E{B - V) ranges to 1 



and Rv from 2 to 6. The standard value of Ry is 3.1, however we have found in the IMAGES 
sample that some galaxies can have extreme Ry values, such as J033245. 11-274724.0 which have 
an Orion extinction law Ry ~ 4. As the metal content of the gas decrease with redshift, see 
previous chapter, I have chosen to use CSP with sub-solar metallicity 0.40 Zq. 
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Figure 5.3: Histogram of the stellar niass, mass fraction of young stellar population, and extinction of 
the mock galaxies. 
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5.2.2 The iBell et al.l pOOSl) recipe 



The Bell et al. (2003) recipe is the method that has been used to derive all the stellar masses 



in the IMAGES survey. This method takes advantage of the tight correlation found between 
rest-frame optical colors and Msteiiar/Lx ratios, assuming a universal IMF. These correlations 
are found to be relatively insensitive to the details of galaxy SFH, dust content, and metallicity 
dBeh fc de Jong|2G00t [Beh et al.|2003] >, which imphes that they are invaluable for deriving stellar 
mass without being too sensitive to the details of the stellar population synthesis models. In this 
method, Msteiiar/LK ratios are corrected for the amount of light due to red-giant stars using 
g — r colors. According to Bell et al. (2003), the total random uncertainty on log{Msteiiar / ^o) 



at Z'-^O should be lower than 0.1 dex, and the systematic uncertainties due to galaxy ages, dust, 
or bursts of star-formation can reach 0.1 dex. 



5.2.3 Single complex stellar population fitting 

This method assumes a very simple star formation history: an exponential declining SFH with 
an e-folding time r. It consists on fitting the galaxy SED with a grid of CSP templates covering 
a wide range of ages (from 10 Myr to the age of the Universe), metallicities (Z=0. 005-5. OZq) and 
e-folding time r (from SSP to 500 Myr). The best extinction parameters and the normalization 
parameter are fitted to each template using a minimization algorithm. The best solution is 
the template with the smallest . 

The results of the test realized with the fake galaxy library are in agreement with those 
of Fontana et al. 2004. These authors have found that the stellar masses estimated by this 
method are underestimated by ~25% when the object is observed during a burst. In fact, the 
SED distribution is dominated by the light produced by the young stars which hide the old 
stellar population that represent the bulk of the stellar mass. The simple star formation history 
assumed by this method is not valid for distant star-forming galaxies that are experimenting a 
strong star-forming burst. Nevertheless, 1-2 Gyr after a burst, the stellar mass can be properly 
recovered by this method. 



5.2.4 Maximum mass method 
Description 

This method is based on a two-component parametrization of the star-formation history, i.e. 
an old component which models the formation of the bulk stellar population in the early Uni- 
verse and a young component that represents a recent star-formation episode. The old stellar 
component is modeled by a CSP with an age close to the age of the Universe at the observed 
redshift, an exponential decaying star formation history with an e-folding time r = 100 Myr, 
and a sub-solar metallicity (Z = 0.4^0 ). In a first step, the red part of the SED (J-band to near 
IR) is fitted by the old component with the normalization and the two parameters of extinction 
as free variables. The best fit is subtracted to the observed SED. The second step consists on 
evaluate the contribution of a recent burst from the residual of the SED. The residual SED is 
compared to a grid of CSP models spanning a wide range of metallicities, ages and e-folding 
time. Each model of the library is compared to the residual SED by computing the statistic 
where extinction and the normalization flux are the free parameters of the fit. The optimal 



solution is the model of the grid with the lower x^, see figure 5.4 The confidence level of the 
best solution can be derived from the distribution of the ^ function of the age, r and Z of 
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the library templates. This method aims to estimate maximum limit of the stellar mass since it 
minimizes the fraction of young and intermediate stellar populations ( Papovich et al.||2001 ). 



Fit of (he old slellor pop 



old + Cb07_tn52_tau500_n3.5pec 
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Figure 5.4: The maximum mass method applied to an IMAGES galaxy. Top row, left panel: Fit of 
an old stellar population model to the red-part of the SED. Bottom row, left panel: Best-fit of the 
residual with a young stellar population. Right panels: Best-fit of the SED by the two components. 



Test of the method 

I have tested the accuracy of this method to derive the stellar mass using the library of fake 



galaxies described in the previous section. Results are shown in figure 5.5 The method overes- 
timates the stellar mass for all kind of SFH with an increasing bias towards galaxies with recent 
star formation: -1-0.25 dex for galaxies having 30% of their mass in stars younger than 1 Gyr, 
and -1-0.4 dex when half of the stellar mass is located in young stars. This systematic effect is 
expected since the method maximizes the stellar mass. 

The effect of TP-AGB 

The overestimation of the stellar mass in blue galaxies is due to the main assumption of the 
method that all the near IR is produced by old stars. However, such an assumption is not valid 
for objets which have undergone a star formation episode during the past 1 Gyr. Indeed, from 
0.2 to 2 Gyr after the beginning of a burst, the contribution of TP-AGB star at these wavelengths 



can be very large, see fig 5.6 They can be even dominant in the near-IR: up to 80% in K-band 



(Maraston 1998). 



5.2.5 The impact of the assumed SFH on the stellar mass estimation 

In the local Universe, the method described above is robust enough to recover accurate stellar 
masses. Indeed, the majority of local galaxies has low SFR and the amount of young and blue 
stars produced in past bursts has almost disappeared. Their SED is therefore no more dominated 
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Figure 5.5: Stellar mass derived by maximal mass method as a function of the real stellar mass in the 
fake galaxy sample. The color code the mass fraction of old stellar population (age>3 Gyr) in the galaxy: 
black (blue) symbols are galaxies with more than 80% (50-80%) of their stellar mass locked into old stellar 
population. The red symbols corresponds to very young system with 50% of stars younger than 3 Gyr. 
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Figure 5.6: The time evolution of the relative contributions to the bolometric luminosity of stars in the 
various evolutionary stages. From (Marastoii||1998 ) 



by the light of young stars. A simple stellar population (e.g a CSP) or a SFH parametrized by 
a young and old component are enough to retrieve reliable estimation of the stellar mass. At 
higher redshifts, galaxies are in a phase of intense star formation. In starburst galaxies the light 
emitted by the young and massive stars dominates the photon budget along most of the spectral 
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energy distribution and hides the old and intermediate steUar population. The fraction of old 
stars is systematically underestimated by current methods (Wuyts et al. 2009). I have thus 
investigated a new method to retrieve stellar masses and stellar populations in distant galaxies 
using more complex assumptions on the star formation history. The idea is to decompose the 
galaxy into its different components: young, intermediate and old stars and the dust. 



5.3 Adding a more complex star formation history 

In a first attempt, I have tried to introduce a more complex star formation history parametriza- 
tion when estimating the stellar mass of star-forming galaxies. The method is similar to those 
used in stellar population synthesis, such as full-spectra fitting algorithm. Galaxy is modeled 
by a combination of several single stellar population templates or complex stellar populations 
with exponential SFH decay. I am sorry to disappoint here the expectation and curiosity of 
the reader by revealing in advance the failure of this method on retrieving stellar masses. The 
failure of such a method is expected because of the degeneracy between age-met allicity and ex- 
tinction, see details hereafter. However, this method has turned out to be a very efficient way to 
measure absolute magnitude and it is now used by the group to derive the absolute magnitudes 
of IMAGES galaxies. 



5.3.1 Description of the algorithm 

I have fitted the SED by a set of A^* single metallicity population synthesis templates r*(A) 
(i=l,..., N). The best-fitting model SED F(A) is given by: 

F{\) = ^ T\\) (g) Dust{E{B - V),Rv) (5.1) 

i=0 

where Xi are non- negative coefficients representing the fraction of light of the template T*, and 



Dust is the two parameter extinction law of Cardelli et al. (1989). I have assumed that only the 



young stellar population (age < 500 Myr) is affected by the dust and the same E(B-V) and Ry 
have been applied to these templates. To find Xi, E(B-V), Ry, I have minimized the using 
MPFIT (Levenberg-Marquardt least-square minimization) where 



N filter ^j'obs jmodel'\2 



xHx,,E{B-V),Rv)= E ' al'b. ' ' (5-2) 

=1 ^ Jj 



and f° is the rest-frame flux of the object in filter j and its associated uncertainty afobsj, 
jmodei jg q£ synthetic spectrum in the j-band. The number of templates used in 

the fit depends on the number of photometric points. For the IMAGES galaxies observed by 17 
filters, I have used A^=6. The number of free variables are thus eight (six from stellar population 
and two from the extinction) and the number of constrains is 17. An example is given for a 
IMAGES galaxy in figure [5]7} 

The fit gives low values of but this does not guaranty that the result is physical. Are 



the derived stellar mass and reliable? In figure 5.8, I show the stellar mass derived by the 
algorithm as a function of the real stellar mass for the sample of fake galaxies. The figure puts 
on evidence the degeneracy of the problem. In galaxies composed in majority of old stellar 
populations, the stellar mass is underestimated because of an overestimation of the extinction. 
However, the best-fit provides us with an accurate interpolation of the SED and thus enables us 
to derive absolute magnitudes. 
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Figure 5.7: Rest-frame SED of J033219. 96-274449. 8 for a 3-arcsec fixed aperture ptiotometry (red sym- 
bols). A SED compiled using a combination of 6 CSP with exponential decline T=100Myrs and a two 
component extinction law has been fitted to the object (solid line). 



5.3.2 Testing the accuracy on derived absolute magnitudes 



I have compared this method to those used previously in the team (Hammer et al. 2001) to 



estimate absolute magnitudes. The absolute magnitude of IMAGES galaxies were derived using 
Bruzual &: Chariot 2001 stellar-population models, assuming a CSP template with solar metal- 
licity and an exponential star-formation history with r = 0.5 Gyr, which describes the properties 
of most galaxies between z = 0.4 and 1 (Hammer et al. 2001). For each galaxy, an optimal 
SED was found for each pairs of observed colors. Figure [5^ shows the comparison between the 
absolute magnitude in J-band derived by the previous method and those derived by the method 
described in the current section. I have found a good agreement between the two estimations: 
the two methods give equal results within ~0.1 mag. The small differences come from the models 



used by the two methods: In Hammer et al. (2001), Bruzual & Chariot 2001 have been used 



while the new method runs Bruzual &: Chariot 2007 models. The main difference between the 
two models in the near IR is the treatment of the TP-AGB stars in the Bruzual & Chariot 2007 
models. The influence of TP-AGB stars is expected to be important at these wavelengths in 
galaxies having intermediate age stars. However, I found larger discrepancy when comparing 
blue-bands. The discrepancy can be explained by the more complex shape of the SED in blue 
wavelengths, which is not take into account in ( Hammer et al.|2001 ). This new method improves 
in particular the estimation of the absolute magnitudes in the blue bands. I am currently testing 
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Figure 5.8: Fit of broad band photometry from UV to near IR with the combination of 6 CSP with 
exponential decline r=100Myrs and a two component extinction law. The degeneracy is important in 
galaxies with old populations because the old stellar population is hidden by the young. The color codes 



the mass fraction of old stellar population (age>3 Gyr) in the galaxy, see fig. 5.5 



the accuracy on the derived absolute magnitude using the library of fakes galaxies. 



5.4 New constrain: the SFR 

The method available in the literature suffers from systematic effects due to the simplicity of 
the assumed star formation history. As described above, the decomposition of the SED by a 
linear combination of stellar population templates with different age is not possible because of 
the degeneracy of the problem. To break the degeneracy, I have added a new constrain in the 
optimization problem: the total star-formation rate {SFRuv and SFRm). 

In starburst galaxies the principal issue to recover properly the stellar populations and the 
stellar mass is the fact that the young stars dominate the light budget in all SED. Adding the 
total SFR constrain allows to resolve the problem by limiting the amount of young stars with 
ages younger than 100 Myr. In particular, it induces strong constrains in the blue part of the 
spectra, in particular the amount of light due to young stars and permits to better evaluate the 
dust obscuration from the blue slope of the SED. Moreover, adding the SFR constrain solves the 
problem encountered in spectrum synthesis ( Cid Fernandes et al.|[2005 Mathis et al. 2006), i.e. 



the difficulty to recover the mass fraction of intermediate age population. This difficulty arises 
from a fundamental limitation of the spectral interpretation of galaxies for which the optical 
signature of intermediate age stars (0.5 - 4 Gyr) is masked by those of younger and older stars. 
Indeed, an intermediate stellar population can be reconstructed by the combination of a young 
and old stellar population. By constraining the SFR, the amount of young stars is limited and 
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Figure 5.9: Comparison between the absolute magnitude in J-band derived by Hammer et al. (2001) 
and those derived using a combination of 6 CSP and a two-parameter extinction law. 



the contribution of intermediate age stars in the blue part of the spectrum can thus be retrieved, 
as well as its contribution to the red part. 

5.4.1 An optimization problem 



The problem is defined as in the previous section, by equations 5.1 and 5.2 but I add a penalty 
function to impose the constrain on the SFR: 



C Z7 D^ f ^^^obs - SFRjnodel \ ^ 

'^^^'^''^ = [ ^SFR^s ) ■ 

The optimization function to minimize is thus: 

X\x\ E{B - V),Rv, SFRobs) = xlhotoi^', E{B - V),Rv) + P{SFR). 



(5.3) 



(5.4) 



The grid of templates is composed by six CSP with r = 100 M yr and same metallicity. I have 
associated to each template the mean SFR of the CSP in the last 100 Myr. The observed SFR is 
the total SFR defined by the sum of SFRjr or SFRuy. Note that the SFRobs depends on the 
assumed IMF and thus it is mandatory to use the same IMF for the stellar population models. 



Multiple local solutions 

I have first tried to minimize the function using a non-linear least squares curve fitting 
algorithm based on gradient: the MPFIT IDL routine by Markward 2008. Unfortunately, the 
method was enable to find a global minimum, falling rapidly in a local minimum near the initial 
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conditions. Adding the SFR penalty function in the fitting process has introduced a plethora 
of local minimum in the parameter space. The global minimum cannot be reached by the 
usual optimization algorithm based on the gradient or Hessian function. Though gradient-based 
methods are computably efficient, they provide us with a locally optimal solution and fail in 
general to provide the global optimal solution to a problem. 

Grid of possible solution 

In a first attempt, I have tried to search for a global minimum in a grid of parameters which 
verifies the condition SFRm = SFRobs i csfr, i-e. the combination of .r j which verify the SFR 
constrain. The preliminary results of this approach applied to the fake galaxy library were very 
promising. The stellar mass was retrieved within 0.1 dex. However, the use of the grid introduces 
error due to the limited resolution of the grid and it is very time-consuming (severals hours by 
galaxy) . I have thus searched for an optimization algorithm able to find the global solution of a 
non-linear problem. 

5.4.2 The Swarm intelligence algorithm 

One way to solve problems with multiple local minima is to use an algorithm which employs some 
randomization as part of its logic. The randomization allows the algorithm to jump in other 
regions of the space parameter instead of setting locked directly in a local minimum as gradient 
based algorithms. There are several algorithms which include randomized search steps, or are 
'heuristic' in nature, such as: simulated annealing, genetic algorithms, ant colony optimization, 
particle swarm optimization, to name a few. The idea is to leave the best solution untouched 
while allowing other states to explore the search space. I have also tested a genetic and a swarm 
intelligence code and they gave very similar performance in term of convergence and execution 
time. I have chosen the 'particle swarm optimization' to solve the current optimization problem 
because this algorithm is easier to implement since it has less fitting parameters to optimized 
than the genetic code. 

Description of the algorithm 

Particle swarm optimization (PSO) is a population based stochastic optimization technique 
developed by Eberhart and Kennedy in 1995, inspired by the social behavior of bird flocking or 
fish schooling. A PSO algorithm maintains a swarm of particles, where each particle represents 
a potential solution. The particles are flown through a multidimensional search space, where the 
position of each particle is adjusted according to its own experience and that of its neighbors. 
Let Xj(t) denote the position of particle i in the searched space at time step t. The position of 
the particle is changed by adding a velocity, Vj(t), to the current position, i.e.: 



The velocity vector Vj drives the optimization process. It depends on the experiential knowledge 
of a particle - the cognitive component- and a socially exchanged information - the social compo- 
nent. The cognitive component is proportional to the distance of the particle from its own best 
position found since the first time step. The social component reflects the information from all 
the particles in the swarm and is proportional to the distance of the particle to the best position 
found by the swarm, defined as y{t). The velocity of a particle i is calculated as: 



Mt + 1) 



Xi(i) + Vi(i + 1) 



(5.5) 



Vij{t + 1) = wvijit) + Cinj{t)[yij{t) - ^ij{t)] + C2r2j{t)[yjit) ' ^iM^ 



(5.6) 
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where 'Vij{t) and ii-ij{t) are respectively the velocity and position of the particle i in dimension 
j = 1, ... , n^. at time step t, Ci and C2 are the cognitive and social components, w is the inertial 
component, and rij[t) & T"2j{t) are random values in the range [0,1], sampled from a uniform 
distribution. The random values introduce a stochastic element to the algorithm. The inertia 
weights decreases from 1 at each time step so that after k updates, the value is . Figure 5.10 



shows a geometric illustration of the effect of the velocity equation in a two-dimensional vector 
space. 
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Figure 5.10: Geometrical illustration of velocity and position update for a single two-dimensional particle 
at time step t (left) and t + 1 (right). 



Implementation of the algorithm 

I have used a PSO algorithm developed in IDL, rmd-pso, by the NIST center for neutron research 
(http:/ /www. swarmintelligence.org/). The optimization function to be minimized is defined in 



equation 5.4 and the free parameters have the following constrains: S[0,1], E(B-V) G [0,1] 



and Rv £ [2,6]. The model templates have been normalized to the magnitude in z-band of each 



object. For each galaxy, I have ran 10 experiences with 50 swarm particles and a maximal 
number of 80 iterations. The initial inertia parameter is set to 0.95 and the cognitive and social 
parameters are both 2.0. The best fit result is the experience with the lower x^- Confidence level 
interval can be estimated from the distribution generated by the several restart experience 



(similar to a Monte-Carlo iterations). An example of fit of the SED is shown in figure 5.11 

The optimization of the convergence and time execution of the algorithm is adjusted by the 
number of particles in the swarm, the number of time step (iteration), the number of experiences, 
the inertia, cognitive and social parameters. The optimization of these variables is still in 
progress. 



Re-run the search from different initial condition of the swarm. 
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Figure 5.11: Synthesis of a real galaxy SED from photometry and observed SFR using a combination 
of 6 CSP with exponential decline T=100Myrs and a two component extinction law. The minimization 
of the statistic has been realized with a particle swarm optimization algorithm. 



5.4.3 Validation of the method 



I have tested the accuracy of the algorithm to retrieve the stellar mass using the fake galaxy 



library. The results are shown in figure 5.12, The algorithm recovers the stellar mass within 
a random uncertainty of 0.2 dex. There is a small systematic of +0.1 dex in the derived stellar 
mass and it is more pronounced in galaxies with high fraction of young stars. However, the 
objects with the worst stellar mass estimation coincide with those having the higher x^. I have 
concluded that in some cases the algorithm has not finished to converge. To test this hypothesis, 
I have modeled the SED of some galaxies with a different set of algorithm parameter: larger 
number of swarm particles and experiences. The execution time increases, around one hour per 
galaxy, but the quality of the fit improves and the stellar masses are recovered within a random 
uncertainty of 0.1 dex for all SFH. 
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LoqM [simuloted] 



Figure 5.12: Fit of the rest- frame SED and the constrain on SFR by a combination of 6 CSP with 
exponential decline r=100Myrs and a two component extinction law. The color codes the the mass fraction 



of old stellar population (age>3 Gyr) in the galaxy, see fig. 5.5 



5.4.4 Systematics and limitations 



The preliminary results show that the constrain on the SFR improves the accuracy on the 
derived stellar mass and stellar population in star-forming galaxies. The degeneracy on age and 
extinction can be broken by using the SFR as a new constrain. However, the test realized does 
not account for the uncertainties due to template mismatches. Indeed, I have used the same 
models for simulating fake galaxies and for extracting the stellar population. I am planning to 
realize more tests using fake galaxies with more complex SFHs, such as model galaxies taken 



due to the models (Conroy et aT][2009 2010 Conroy GiuE][2010). 



from hydro dynamical merger simulations (Wuyts et al. 2009) and to evaluate the uncertainties 



5.5 Application to individual galaxies 

I have applied the swarm algorithm and full-spectra fitting methods to individual galaxies of the 
IMAGES sample. I present hereafter the study realized in two CDFS galaxies in the context of 
a modeling campaign of distant galaxies started by the group. 



The photometric measurements come from the catalogue described in|2.3.2 I have shifted the 



observed quantities to the rest frame, A = A / {1 + z), fx = x {l + z) and aj = / (1 + 2;) 
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5.5.1 A forming, dust-enshrouded disk at z = 0.43 

In forming, dust- enshrouded disk at z = 0.4-3: the first example of a massive, late-type spiral 
rebuilt after a major merger?^^ Hammer et al. (2009b), we have modeled a compact LIRG galaxy 
J033245. 11-274724.0 from the IMAGES survey. 



Morpho-kinematic observations and physical model 



J033245. 11-274724.0 is a luminous infrared galaxy with a stellar mass similar to the Milky Way. 
It has a very compact morphology: Rhaif ~ 1.7 kpc. The color images from the Ultra Deep 
Field have revealed a central bulge with a small bar prolonged by very luminous arms, which are 



surrounded by a red and dusty disk, see Fig |5.13| upper-right panel. The disk account for the 
bulk of the stellar mass and star formation in the galaxy. The arms have different colors - one 
red and the other blue - due to the dust distribution. It suggests that the arms are not aligned 
with the disk: the blue arm emerges above the disk while the red arm is hidden below the disk. 
The kinematical axis is strongly offset (~ 45°) from the photometric major axis of the disk and 
is slightly offset from the galaxy centre (Fig. 4, upper panels), arguing for a non-axisymmetric, 
heavily perturbed and out of equilibrium disk. Morphology and kinematics show that both gas 



and stars spiral inwards rapidly to feed the disk and the central regions. Figure 5.13 (Bottom- left 
panel) shows a sketchy representation of the galaxy, which reproduces both its morphology and 
kinematics. 

According to the merger simulations of Barnes 2002, the particular structures bar+arms 
observed is typical of galaxy mergers well after the collision. This observation has led us to 
model the galaxy as a merger of two equal-mass gaseous-rich galaxies on an inclined orbit. The 
morphology and kinematics are consistent with the properties of the remanent galaxy observed 



0.5 Gyr after the merger, see Figure 5.14 



ISM properties and stellar population modeling 



F0RS2 spectroscopy from the IMAGES survey is available for this object (Rodrigues et al. (2008 ) 



and previous chapters). The spectrum has a high quality and it is at least comparable to the 
spectrum of a typical galaxy from the SDSS. A first look to the spectrum allows us to argue that 
it is dominated by the light from young and intermediate age (A/F) stars. Indeed, the strong 
emission lines and strong Balmer absorption lines indicate the presence of such intermediate age 
stars. On the other hand, the detection of the He5875A lin^^ and possibly Wolf-Rayet features 
such as the blue bump, and possible detections of emission lines produced by high ionization 
species, such as [SiIII]4565A and [HeII]4686A indicate the presence of extremely young and hot 
stars. In addition, the presence of metal absorption lines (CallK, G, Mgl & NaD) indicates the 
presence of relatively old stars. 

In order to constrain the contributions of young, intermediate and old stellar populations to 
the total stellar mass, we have used the STARLIGHT code (see Part I chapter 3). The best-fit 
provides a distribution of stellar ages including a large mass-component of young to intermediate 
age stars, the rest being associated with older ages (>2 Gyr), see table 5.5.2 It suggests that 
a significant part of the stellar mass in J033245. 11-274724.0 has been formed recently. This 
result has been confirmed by a independent method, see table 5.5.2 We have modeled the 



^ Surprisingly, this line is produced in low-metallicity medium while the global metallicity of the galaxy is over- 
solar. The line may come from the outer regions of the galaxy which can have lower metal content as suggested 



by the scenario proposed by Rupke et al. ( 2008 1 
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Figure 5.13: Upper left: v-band image of J033245.11-274724.0 on which the GIRAFFE iso-velocities 
have been superimposed. Colour coding is the same as in Yang et al. (2008). Upper right :b?v+i?zcolour- 
combined image of J033245. 11-274724.0 on which the dynamical axis (full lack line) and the velocity 
dispersion peaks (dotted squared boxes) at 105 fcms~^ have been superimposed. The entire galaxy shows 
large velocity dispersion Yang et al.| ( |2008 ). The figure in the electronic version is of higher contrast. 
Bottom left: a sketchy model of the galaxy showing the dusty disk, and the gas motions (purple: 
approaching; red: recessing) from the background (dotted lines) to the foreground of the disk (full lines). 
The bar close to the centre is inclined with respect to the disk plane, explaining its disappearance at the 
top-right of the bulge as well as the asymmetry between the two arms. The resulting dynamical axis is 
thus caused by the gas motion both through the bar and around the disk. Bottom right: result of a 
galaxy collision (1:1 mass ratio) with an inclined orbit (close encounters) from Barnes (2002 1, 0.5 Gyr after 
the merger. The gas wraps up inside the disk, creating a bar and a symmetric-arm system whose motion 
does not follow the gas rotation, creating shocks and high velocity dispersions (seen as red particles in 
the simulation), which are consistent with observations. From Hammer et al. (2009b) 



spectral energy distribution of the galaxy with a mixture of six stellar populations and a two- 
parameter extinction law. The optimization of the stellar population decomposition has been 
performed with the Swarm intelligence algorithm described in previous chapter. According to 
the simulation, the first impact would occur at 0.5 Gyr, the merging of the nuclei at 1.1 Gyr, the 
appearance of the non rotating two-armed system at 1.6 Gyr, and its disappearance at 1.9 Gyr. 
These numbers are quite consistent with the ages of the stellar populations which dominate the 
J033245. 11-274724.0 continuum. 

I have discarded stellar outflow as a possible process to explain the large misalignment of 
the kinematics. I have compared the velocity of the emission-line system with that of the 
absorption-line system, and by examining the line profile of the NaD absorption lines, i.e. the 
two methods outlined by Heckman &: Lehnert (2000). By measuring the position of ten robust 
emission lines (i?7, i?/3, [OIII]4959 and 5007, Hel, [01], [NII]6548 and 6583 and Ha), I find a 
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Figure 5.14: F0RS2 spectrum of J033245. 11-274724.0 after de-reddening tlie continuum by CexUncUon 
— 1.0 (Orion extinction curve). The spectral energy distribution can be reproduced (red line) by a set 
of models with stellar ages t from 0.25 to 1.2 Gyr assuming r (SFR~exp(-t/T)) from to 5Gyr. From 



Hammer et all (|2009b|) 



Method 


Young 


Intermediate 


Old 




age<300 Myr 


300 Myr<age<lGyr 


age>lGyrs 


Full-spectra fitting 


20% 


33% 


47% 


SED fitting 


5% 


15% 


80% 



Table 5.1: The contribution fraction of the young, intermediate and old stellar population on 
the total stellar mass of J033245. 11-274724.0. 



remarkable agreement between those lines with a scatter of only Ihkms . We excluded the 
two [SII] lines, since they exhibit a much larger shift, presumably due to the fact that they lie 
at the edge of the spectrum, where wavelength calibration may be more uncertain. Examining 
the absorption lines with a reasonable S/N (Balmer H12 and Hll, Call K, Cal, Nal-Dl and 
D2), I find a larger scatter of 52kms~^ as expected by the larger uncertainty on measuring 
absorption lines. The absorption and emission line systems appear to have the same velocity, 
within an uncertainty of 33 kms~^, a value far below the expected uncertainties on absorption 
measurements. The galaxies do thus present no evidence of outflows. Examination of the 
emission-line profiles also show no evidence of an outflow. An absence of a significant outflow 
contribution is unsurprising given the high mass of the galaxy, whose gravitational forces prevent 
stellar super-winds dominating the velocity field. 
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5.5.2 A face-on merger at z=0.7: J033227.07-274404.7 



In Determining the morpho-kinematic properties of a face-on merger at z=0. 7, Fuentes-Carrera 



et al. (2010a), we have presented the morphological and kinematical analysis of a system at 
z=0.74. J033227. 07-274404. 7 displays an unusual elongated arc-like morphology and a very 
peculiar kinematics. 

Morpho-kinematic observations and physical model 

The object consists of an elongated structure about 1.52 arcsec (llkpc) long and a smaller 
structure (2.45kpc) located to the north-northwest of the main structure. A small faint structure 
is also seen to the southwest of the elongated structure. Bluer colors are seen all the way from 
the center of the main galaxy to the companion. The smaller region to the southwest has very 



blue colors. The colors are consistent with those of pure starburst and Sbc galaxy (Neichel et al 



2008) and thus suggest that the whole galaxy is actively forming stars. The elongated structure 



show a very uniform VF, see Figure 5.15 upper-row. For these pixels, the global velocity gradient 
is shallower than 14 km . The extremely small velocity gradient is a surprising observation 
for this galaxy. In fact, small velocity gradients are expected in face-on galaxy, whereas the 
observed morphology suggests that the galaxy is on contrary seen edge-on. On the other hand, 
the northwest structure (upper northernmost pixel) has a velocity that differs by more than 
130 km s"^ from that of the other regions. We have identified this system as resulting from a 
3:1 merger activating a giant bar in a previously face-on disc. 

ISM properties and stellar population modeling 



The galaxy has a F0RS2 spectrum from the GOODS spectroscopic survey, see Fig. 5.17 From 
the study of the emission lines, we have found that the galaxy is almost devoided of extinction 
(from Balmer decrement) and that the ISM may be affected by shocks according to the strong 
emission of the [NeIII]A3869A line. To constrain the stellar population content of the galaxy, 
I have performed a fit to the observed spectrum with a linear combination of stellar libraries. 
I have used a base of 39 template single-stellar-populations (SSPs) from Bruzual & Chariot 
(2007), of 13 ages (from 10 Myr to 5 Gyr) and 3 metallicities (subsolar, solar, and supersolar) 



using the STARLIGHT software ( |Cid Fernandes et al.||2005| ). A |Cardeni et al.| ( |1989[ ) extinction 



law was assumed. The best-fit relation indicates that a high fraction of the galaxy spectrum 
is dominated by young stellar features typical of 13 Myr, 100 Myr, 200 Myr, and intermediate 
age stellar population of around 1 Gyr. However, the quality of the spectra, and the limited 
wavelength range does not allow us to provide strong constrains on the fractional contribution 
of light from stellar populations of different ages. To constrain the stellar population properties 
more reliably, we have investigated the spectral energy distribution (SED) based on photometric 
measurements . 

I have adjusted a synthetic SED consisting of a linear combination of composite stellar pop- 
ulations (CSP) and a two parameter extinction law from Cardelli (1989). The base consists 
of 6 CSP from Chariot &: Bruzual 2007 models with a Salpeter IMF (Salpeter 1955) and a 
T-exponentially declining star formation history with r = 100 Myr. According to the low metal- 
licity detected in the gaseous phase, I have selected CSP with sub-solar metallicity Z = 0.5 Zq. 
The ages of the 6 stellar populations are 13 Myr, 200 Myr, 500 Myr, 1 Gyr, 4 Gyr, and 7 Gyr, 



respectively. The results for the bestfit relation ( x2 = 2.09) are shown in Table 5.2 
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Figure 5.15: This figure, extracted from [Fuentes-Carrera et al. (2010a), illustrates the principle of 
individual galaxy modeling. The observables (in the top row) such as the kinematics and the morphology 
impose strong constrain on models and allow to break the degeneracy between a large number of model 
scenarios. Top row, left panel: Composite image (B+V, i and z bands) of J033227. 07-274404. 7 taken 
with the Advanced Camera for Surveys (ACS) of the HST. Size of FoV is 2.0 arcsec x 2.6 arcsec (14.4 
kpc X 18.8 kpc). Superposed grid shows the position of the GIRAFFE IFU. Top row, middle panel: 
Line-of-sight velocity map of the object derived from GIRAFFE observations of the [OII]3726,3729 A 
doublet. Top row, right panel: velocity map and tr-map of the object derived also from GIRAFFE 
observations. Bottom row, left panel: Projected distribution of gas of the simulated encounter using 
the ZENO code (Barnes 2002). Snapshot shows the encounter just after the second peri-passage (12 
Myr after) and 1.93 Gyr after the first peri-passage. The FLAMES IFU grid is superposed to simulate 
the GIRAFFE observations. Bottom row, middle panel: Line-of-sight velocity field derived from the 
ZENO simulation considering an IFU similar to that of GIRAFFE. Bottom row, right panel: a map of 
the same simulation. From 



Method 


Young 


Intermediate 


Old 




age < 200 Myr 


300 Myr<age<lGyr 


age>lGyrs 


SED fitting 


17% 


13% 


70% 


median 68% 


13% 


32% 


55% 



Table 5.2: The contribution fraction of the young, intermediate and old stellar population on 
the total stehar mass of J033227.07-274404.7 from SED fitting with SFR constrain. The second 
row is the median stellar-population mass fraction for solution in the 68% confidence interval. 
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Figure 5.16: The GOODS spectrum of J033227.07-274404.7. The main emission lines are indicated. 
The relative flux is in energy per unit area per unit time per wavelength. From [Fuentes-Carrera et al.| 
(|2010a|) 
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Figure 5.17: Synthesis of J033227. 07-274404. 7 SED from pliotometry and observed SFR using a com- 
bination of 6 CSP with exponential decUne r^lOOMyrs and a two component extinction law. The 
minimization of the statistic has been realized with a particle swarm optimization algorithm. From 



Fuentes-Carrera et al. (2010a 
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Future instrumentation on E-ELT 



"Keep your eyes on the stars, 
and your feet on the ground. " 
by Theodore Roosevelt 
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Chapter 1 

Preparing the E-ELT era 



Despite the great progress in our understanding of galaxy evolution and formation during the 
past decade, the key question of the stellar mass assembly - how and when galaxies assembled 
across cosmic time - remains a main issue. Pushing the actual 8m class telescopes and the Hubble 
Space Telescope to their limits, it is only possible to study galaxies up to z=l with the same 
detail than local studies. Although galaxies at higher redshift have been detected, the limitation 
on the spatial resolution and the low signal-to-noise of the observations and the strong bias on 
the representativeness of these galaxies prevents from having a consistent snapshot of galaxy 
properties at lookback time superior to eight Gyrs. A consistent picture of the mass assembly 
and star-formation across the entire history of the Universe requires deeper observations at 
higher spatial resolution. In the next decade, such observation will be possible thanks to the 



advent of a new generation of facilities (see Fig 1.1): 



• James Webb Space Telescope. This spatial telescope is planned to replace the Hubble 
Space Telescope in 2014. It is an optical and near infrared telescope and it has a 6.5-meter 
primary mirror. 

• Extremely Large Telescope. Three optical-to-near IR ground-based telescopes with a 
primary mirror greater than 20m of diameter are planned to be constructed in the next ten 
years. The most ambitious project is the European-Extremely Large Telescope (E-ELT) 
promoted by the European Southern Observatory (ESO), which will have a primary mirror 
of 42 meters. 

• Atacama Large Millimeter /submillimeter Array. ALMA is a millimetre-/submillimetre- 
wavelength interferometer array. It will mainly observe the molecular gas of distant galax- 
ies. 

• Square Kilometer Array. SKA will be a radio array with a total collecting area of 
approximately one square kilometer. It will map out the cosmic distribution of neutral 
hydrogen at high cosmological distances. 

The Galaxy Etoile Physique Instrumentation lab (GEPI) at the Observatoire de Paris, my 
hosting lab, is involved in several E-ELT projects, such as the telescope design (the M4 de- 
formable mirror), adaptive optic module (the laser tomography AO module ATLAS) and instru- 
ments (OPTIMOS-EVE and EAGLE). In this nourishing environment, I had the opportunity to 
participate in a phase-A E-ELT instrument: OPTIMOS-EVE, a fiber-fed visible-to-near infrared 
multi-object spectrograph. My work in the consortium is to define a strategy to sample the sky 
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Figure 1.1: The artistic view for the future facihties planned for the next decade, with the respective 
expected year of operation. 

around each scientific target and develop specific software to subtract the sky. In this chapter, 
I will start to quickly describe the E-ELT project and then present the driving science cases 
and the technical design of OPTIMOS-EVE. In the last sub-section I will discuss on the pros 
and cons of fiber-fed and multi-slit spectrograph. I will particularly emphasize the issue of sky 
extraction which, as I will show, is one of the technical challenges for faint spectroscopy with 
fiber- fed instrument. 



1.1 European Extremely Large Telescope 

The European Extremely Large Telescope (E-ELT) is an ambitious project for a 42m primary 
mirror optical-to-near infrared telescope, operated by the European Southern Observatory. The 
E-ELT is expected to reveal a revolutionary view of the Universe enabling the study of extra- 
solar planets (in the Galaxy and nearby dwarfs), of stellar populations in external galaxies, and 
of faint distant galaxies tracing the early history of the Universe. 

Since January 2007, the project is in phase B and will lead to the proposal for construction. 
The phase B includes contract with industry to design and manufacture prototypes of key 
elements (primary mirror, M4 and mechanical structure). The first light is expected in 2018. 
The current opto-mechanical concept of the E-ELT (B. Delabre, 2008) is composed by five 
mirrors which feed two Nasmyth foci and a coude type focus. The correction of the atmospheric 
turbulence is directly included into the optical design by the M4 and M5 mirror, respectively an 
adaptive mirror of 2.6m and a tip/tilt mirror. In addition, four to nine laser-stars will allow to 



analyze the wave front in the E-ELT field of view (~10 arcmin). Fig. 1.2 shows the configuration 
of the laser guide stars and the effective field of view of ELT seen by the instruments. The 
instruments will be distributed in permanent way among the different focal stations to permit 
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rapid switching between instruments at any time. 




Figure 1.2: Left: accessible FoV as seen from OPTIMOS-EVE. Laser Guide stars are locked with the 
pupil in this example and therefore rotate with respect to the image plane. Right: projected view of the 
Focal plane showing the plane of the plate and the obscuration of the LGS and Guide star. From the 
OPTIMOS-EVE Operational Concept Definition document. 

In parallel to the E-ELT study, the "E-ELT Design Study", partially funded by the European 
commission, have defined a complete list of instruments able to fulfill the science cases of the E- 
ELT (DRM E-ELT/ESO http://www.eso.org/sci/facilities/eelt/science/drm/). As in the case of 
the VLT, most of the instruments design and construction will be carried out by the community. 
In September 2008, eight instrument concepts and two post-focal AO modules (MCAO and 
LTAO) have been defined and committed to consortia (see Table |1.1[ for the characteristic of 
the future instruments). The Phase A of the instruments are now complete and the selection of 
Phase B instruments are planned to be announced this year. Two instruments are planned to 
be operational for first light, from which OPTIMOS is a possible candidate. 

1.2 OPTIMOS-EVE 

OPTIMOS-EVE is a fibre-fed, optical-to-infrared multi-object spectrograph designed to ex- 
plore the large field of view provided by the E-ELT at seeing-limited conditions. Therefore, 
OPTIMOS-EVE is well-suited to be used in the early operational phase of the E-ELT and also 
beyond, when the atmospheric conditions will not be optimal to provide full adaptive optics 
corrections. OPTIMOS-EVE is one of the few E-ELT instruments under study that will explore 
the visible to near-infrared wavelength region. 

1.2.1 Consortium 

The OPTIMOS phase A study combines two parallel studies, one investigating a fibre-fed MOS 
concept (i.e. this study regarding the Extreme Visual Explorer, PI F. Hammer, GEPI and 



149 



Chapter 1. Preparing the E-ELT era 



Name 


Instrument type 


Science case 


CODEX 


High Resolution 


Exoplanet 


Pasquini et al. (2008) 


High Stability 


cosmological constant 




Visual Spectrograph 


cosmology 


EAGLE 


Wide Field, Multi IFU NIR 


high-z galaxy 


Cuby et al. (2009) 


Spectrograph with MOAO 


resolved stars 


EPICS 


Planet Imager and 


Exoplanet 


Kasper et al. (2008) 


Spectrograph with 
Extreme Adaptive Optics 


proto- stars 


HARMONI 


Single Field 


high-z galaxies 


Tecza et al. (2009) 


Wide Band Spectrograph 


Quasars 

Stellar population 


METIS 


Mid-infrared Imager 


Exoplanet s 


Brandl et al. (2008) 


and Spectrograph with AO 


proto-stars 


MICADO 


Diffraction-limited 


Galactic center 


Davies et al. (2010) 


NIR Camera 


stellar population 


OPTIMOS 


Wide Field Visual MOS 


high-z galaxy survey 
stellar population 
exoplanet 


SIMPLE 


High Spectral Resolution 


Chemical abundances 


Oliva et al. (2009) 


NIR Spectrograph 





Table 1.1: The 8 instruments planned for E-ELT, from D'Odorico et al. 2008. 



co-Pl Lex Kaper, UvA), the other one exploring a slit-mask MOS concept (DIORAMAS, PI 
O. Le Fevre, LAM). Both studies prepared their own science cases and development plan. The 
shared work packages Detectors (RAL), Instrument Control Software (OAT-INAF) and Instru- 
ment Control Electronics (RAL) support both studies. The OPTIMOS phase A study was 
coordinated by ESO responsible S. Ramsay and study manager F. Zerbi. The OPTIMOS-EVE 
consortium builds on the expertise of the FLAMES/GIRAFFE (optical fibre- fed multi-object 
spectrograph on the ESO Very Large Telescope), VLT/X-shooter (wide-band optical-to- near- 
infrared spectrograph) and Subaru/FMOS (fibre- fed near- infrared spectrograph) consortia. The 
following partners constitute the OPTIMOS-EVE consortium: 

• GEPI: Galaxies, Etoiles, Physique et Instrumentation, Observatoire de Paris, France 

• NOVA: Nederlandse Onderzoekschool Voor Astronomie, University of Amsterdam, Rad- 
boud University Nijmegen, NOVA-ASTRON, Dwingeloo, The Netherlands 

• RAL: Rutherford Appleton Laboratory, Oxford, United Kingdom 

• NBI: Niels Bohr Institute, Copenhagen University, Denmark 

• INAF:Instituto Nazionale di AstroFisica (Osservatorio astronomico di Trieste, Osservatorio 
Astronomico di Brera), Italy 
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1.2.2 Science cases 

The OPTIMOS-EVE phase A study Science Team studied a number of key science cases covering 
the three main science themes motivating the development of the E-ELT (Science Case for 
the E-ELT, Ed. I. Hook): (i) Planets and Stars; (ii) Stars and Galaxies; (iii) Galaxies and 
Cosmology. The Science Team explored 5 key science cases from which the scientific and technical 
requirements for OPTIMOS-EVE have been derived: 

• Planets in the Galactic bulge and stellar clusters, and in external dwarf galax- 
ies. In spite of the fact that over 400 extra-solar planets are known, these are mostly hosted 
around stars in the solar vicinity. The few distant planets known do not have orbits, masses 
etc. We expect, on theoretical grounds, that the environment plays a significant role in the 
process of planet formation. Therefore, it is important to detect and characterize planets 
in environments different from the solar vicinity, like the Galactic Bulge and Local Group 
dwarf spheroidals. With its capability of obtaining a radial velocity precision of 10 m/s for 
giant stars down to the 20th magnitude OPTIMOS-EVE will make such a study possible. 
Its multiplex capabilities will allow us to monitor a significant number of stars in each 
observed field. 

• Resolved stellar populations in nearby galaxies. With VLT we are beginning to 

study in detail the stellar populations of the Local Group galaxies. However, many galaxy 
types are not present in the Local Group. In order to make real progress in our under- 
standing of galaxy formation and evolution we need to study in detail all the different types 
of galaxies which can be found in the groups of Sculptor and Cen A. The high efficiency 
low-resolution mode of OPTIMOS-EVE and its high multiplex grant this possibility. 

• Tracking the first galaxies and cosmic re-ionization from redshift 5 to 13. We 

know, from the fluctuations of the microwave background, that at z=10 the Universe was 
already largely re-ionized. Nevertheless, we know little about the objects that produced 
this re-ionization. The search for the "first lights", the sources of the photons responsible 
for the re-ionization can be carried out with OPTIMOS-EVE, which, thanks to the IR 
arm, holds the promise of tracing these up to z=13. 

• Mapping the ionized gas motions at large scales in distant galactic haloes. The 

observations of the local Universe have shown that galaxies are surrounded by extended 
haloes of ionized gas. These haloes are the interfaces of the galaxies to the intergalactic 
medium and the way to enrich it of metals. The study of these haloes also allows under- 
standing the history of galaxy-galaxy interactions, since these always leave recognizable 
signatures on the halo kinematics. Such studies could be conducted with an instrument like 
GIRAFFE at the VLT up to a redshift of z-0.5; OPTIMOS-EVE wiU make this possible 
up to a redshift of 3.5. 

• 3D reconstruction of the Intergalactic Medium. Wc know that the space between 
galaxies and galaxy clusters is not empty, but is filled with a very low density warm 
medium. Such a medium shows up as Ly alpha absorption in the spectra of distant quasars. 
Although this affords a 'cut through' of the structure of the IGM along the line of sight, 
nothing is known about its transverse structure. Cosmological simulations show that the 
IGM has a filamentary structure and filament crossings correspond to the locations of 
galaxy clusters. Some information on the transverse structure can be obtained in the case 
of pairs of gravitationally lensed quasars. OPTIMOS-EVE will provide sufficient resolution 
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and sensitivity to use Lyman- break galaxies of 25th magnitude as background sources. 
These galaxies have a sufficient space density to allow a 3D reconstruction (tomography) 
of the IGM, a real 3D picture which may be compared to cosmological simulations. 



1.2.3 System overview 

OPTIMOS-EVE has been designed for the E-ELT Nasmyth focus and provides low-, medium- 
and high-resolution spectroscopy (R~5 000 -30 000) from the ultraviolet to the near-infrared 
(0.37 to 1.7 A) for multi-object studies of sources nearby and at cosmological distances. The 
instrument consists of three main sub-systems: 

• A positioner that consists in a carousel containing four focal plates. One focal plate 
(so-called 'active') contains the fibers buttons previously positioned and is aligned with 
telescope axis while the opposite focal plate is being configure. 

• Micro-lenses and fibers that transmit light from the active focal plate to the slit of the 
spectrographs. Micro-lenses and fibers are gathered in different kind of bundles, with 
different apertures and different fibre sizes in order to address the five science cases, see 



Fig. 1.3 One kind of bundle is active at a time. 



Two dual beam spectrographs that can cover three spectral resolutions (low (LR) , medium 
(MR) and high (HR)) thanks to exchangeable gratings and a slit width adaptation (see 



Table 1.3). 





VIS arm 


NIR arm 


# of spectrographs 


2 


2 


Wavelength 


370-930nm 


940-1700nm 


Spectral coverage 


A/3 


A/10 


Resolution MO 


5000 15000 30000 


5000 15000 30000 


Resolution MI LI 


5000 


5000 



Table 1.2: Main characteristics of VIS and NIR arms spectrograph 



A schematic overview of this system is shown in Fig. 1.4 It is designed to fit within 
the volume and mass limits of the focal plane station. OPTIMOS-EVE will allow to observe 
simultaneously multiple scientific targets in a 7" field of view. Five fibre setups are provided, 
see Fig. |1.3[ 



Mono object (MO), that comes in three different sub- modes providing different spectral 
resolutions. The MO LR mode will permit to observed at low spectral resolution (R=5 000) 
240 objects with a spatial resolution of 0.3". The medium and high resolution modes will 
allow to observe respectively 70 and 40 objects within an aperture of 0.9" and 0,72" and a 
spectral resolution of 15 000 and 30 000. 

Medium integral field unit (MI): 30 IFU composed by 56 fibers covering a surface of 2"x3". 
The spatial resolution is 0.3" and the spectral resolution is fixed to R=5 000. 

Large integral field unit (LI): one large IFU of 15"x9" composed by 1650 fibres. The 
spectral and spatial resolution are the same as for the MI mode. 
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Figure 1.3: The three observational modes of OPTIMOS-EVE. From left to right: the multi-object 
mode MO, the medium Integral Field Unit MI, and the large integral field unit mode. Each hexagon 
represents a single fibre, assumed to be 0.3". 

1.2.4 OPTIMOS: Multi-slit vs fibers 

As explained previously, the OPTIMOS project is composed by two parallel studies, which 
investigates the fiber-fed technology (EVE) and the slit spectroscopy (DIORAMAS) in the frame 
of multi-object spectroscopy. In this sub-section, I describe the key parameters that define the 
performance and efficiency of a multi-object spectrograph and compare them in the case of 
fiber and slit technology instruments. The weight given to these factors depend on the scientific 
targets and goals. I will focus on the comparison of two OPTIMOS science cases: high-z galaxies 
and resolved stellar population of nearby galaxies. 

Global efficiency 

Historically, fiber-fed instruments have been considered to be unsuitable for faint object spec- 
troscopy. In fact, until very recently the low efficiency of througput in fibers had limited the 
total efficiency of fiber-fed spectrographs. To give an example, the multi-slit spectrograph 
F0RS2/VLT has an effective efficiency of ~ 25% while GIRAFFE/VLT, a fiber-fed spectro- 
graph, has an efficiency around 8-10%. However, thanks to important progress in fiber technol- 
ogy, it is now possible to design multi-fibers spectrographs with efficiencies close to multi-slit 
technology. OPTIMOS-EVE will have an average throughput of 26% in the R=5000 mode, for 
the mono-object fibers, including an estimated 67% throughput of the fibre system. 

Aperture loss 

Both technologies suffer from aperture loss. However, the issue was considered more critical 
for fiber-fed instruments. Fibers have smaller collecting area than slit and any uncertainty on 
the positioning induces dramatically aperture losses. Early fiber-fed instruments suffered from 
large uncertainties on the positioning of the fibers, mainly due to the mismatch on astrometry of 
input catalog, the low precision of the fiber positioning system, curvature of the focal surface, bad 
telecentring angle of fibers and the effect of the atmospherical refraction (Newman et al. 2002). 
However, after two decades during which more than 40 fiber spectrographs have been built or 
proposed, these issues have been in majority successfully solved. As an example, the GIRAFFE 
positioning robot have a precision of 10/im. Actual astrometric catalogues have precision of 0.15" 
but the forthcoming generation of catalogue will have precision reaching 0.05" (e.g VISTA). I 
have investigated the aperture loss in both systems arising from the only geometric factor. In 
other words: Does the use of a rectangular or a circular aperture significantly affect the aperture 
loss? 



153 



Chapter 1. Preparing the E-ELT era 




Figure 1.4: Schematic overview of OPTIMOS-EVE. The 3 main subsystems of the instrmnent are clearly 
indicated: The Focal Plate Carousel - Positioner, containing 4 Focal plates with various Mono Objects 
Fibre inputs and IFUs as well as a robot positioner; the fibres, to transport the collected light to the 
spectrograph, guidance sensors and from the calibration source; the spectrographs, consisting of a visible 
and an infrared arm, separated by a dichroic. 
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In the case of point source observations, as in resolved stellar population science cases, the 
dimension of the aperture is optimized to minimize the losses of light at a given wavelength. 
It results in a necessary trade-off between S/N and aperture size. The optimum fiber aperture 
or slit height is determined from the computed S/N changes versus aperture and seeing. I 
have simulated images of point source objects, modeled by a 2D gaussiarf^ at different seeing 
condition- from seeing-limited to GLAO. I then modeled slit and fiber observations with different 
aperture dimensions, assuming a perfect centering of the apertures, and calculate the S/N in 
each case. The signal to noise is defined as the fraction of fiux falling into the aperture (oc 
to encircled energy, EE) divided by the square root of the aperture area (flux from the sky). 
It corresponds to a S/N ratio: EEy/Sky. In the case of slit, the area of aperture considered 
corresponds to the height of the slit vs the 6 x o" of the light distribution, which corresponds 
to an optimized extraction of the object, see Fig. 1.5 From the simulations, I have concluded 
that the optimum dimension for the slit height is ~ 1.2 x seeing and ~ 1.3 x seeing for the 
diameter of fibers. In the optimal regime, slit reaches lower S/N than fiber, around 20% less, 
because more sky is sampled in a rectangular aperture. 

For extended sources, I have simulated disk galaxies of several sizes observed with a slit of 
0.5" height and evaluated the fraction of light losses by the aperture. Galaxies are modeled 
by ellipses of ellipticity e, size of major axis a and principal angle 4>, see Fig jl.6[ The light 
distribution follows a bivariante gaussian distribution with ai and a2 equal to a/6 and 6/6 
respectively. For a given galaxy size a, I have simulated 1000 galaxies with ellipticity following 
a lognormal distribution (distribution of the e of SDSS galaxies by Ryden et al. 2003) and a 
uniform distribution of phase angle from to vr. Fig. 1.6 shows the fraction of light loss by the 
aperture as function of galaxy size for a 0.5" slit. High-z galaxies have typically half-light radii 
around 0.5 arcsec, as indicated from HST imaging of objects at z~5-8 (Ellis et al. 2001, Richard 
et al. 2008, Oesch et al. 2010b). Taking into account the effect of seeing]^ the characteristic 
size of high-z galaxy is between ~1.6". A 0.5" slit will loss around 50% of the target light due 
to the aperture loss. In fiber instruments, the aperture loss can be considerably decrease by 
using integrated field unit. OPTIMOS-EVE will have two IFU modes which will match the size 
of distant galaxies (Medium IFU (MI) = 1.8"x2.9") and extended sources (Large IFU (LI) = 
7.8"xl3.5"). The sampling of the IFU is settled to 0.3" for a seeing limited instrument covering 
the UV to the NIR. 



Multiplex capability 

An important point for multi-object instruments is to maximize the number of objects observed 
in a scientific exposure. It depends on the size of the field of view, the number of spectra 
which can be sampled on the detector (multiplex) and the space density of target in the field. 
Technically the multiplex of slit and fiber instruments are nearly identical, but the cost of 
multiplex is higher in fiber-fed instruments due to the complexity of their opto-mechanic design. 
This budget reason have led to construct multi-fiber instruments with less effective multiplex 
than the slit counterparts. However, fiber spectrograph have the advantage to be able to observe 
large number of objects in large fields of view. Indeed, fiber-fed spectrographs are particularly 
stable and are not affected by mechanic problems from the self-deformation of large (and thus 
heavy) mask used in multi-slit spectroscopy. Moreover, in crowded field, fiber-fed instrument 
have higher effective multiplex. In fact, the selection of the targets is very flexible compared 

'^^The PSF follows a Moffat function. However, since the Moffat function is well approximated by a gaussian 
function in the central region, I have modeled the PSF by a gaussian function. 

^^0.5" in seeing-limited observations and 0.3" GLAO at X—1.2fiin, based on Paranal statistics. 
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&XtrCfCttOti Aperture Diometer/Seelrig 

Figure 1.5: Left: Optimal extraction of a target in a slit. The area of aperture considered in the S/N 
calculus is the height of the slit x the length of optimal extraction. Right: S/N as a function of the 
aperture diameter/Seeing for fiber (in black line) and height over the length of extraction for slit (in red 
line). The aperture can be optimized by fixing the typical seeing expected. For reference, a typical seeing 
in Paranal, at blue wavelength, is around 0.78" and 0.47" with GLAO. 



100 




Size of major o>!is [orcsec] 

Figure 1.6: Left: Example of simulated galaxy, a/b=1.3 and (j)=32° Right: The red line shows the 
aperture loss in a 0.5" height slit in function of galaxy size define as the major axis of the disk. The black 
sohd hue shows the aperture loss in an IFU with the characteristic of OPTIMOS-EVE MI IFU (2"x3") 
and the black dashed line represents the case of a MO fiber of 0.9". 
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to multi-slit spectrograph. It is only restricted by the minimal separation possible between two 
fiber buttons. In multi-slit observations, the selection of targets have to take into account the 
avoidance of spectra overlapping, which can be very challenging in a field with high density of 
targets. 



Spectral resolution and coverage 

A main difference between the two technologies is the use of different dispersion systems. Slit- 
instruments use grisms which allow an easy switch between imagery and spectroscopy mode, but 



have the drawback to be limited to a maximal spectral resolution around 3000 (Ebizuka et al. 



1998). Fiber- fed instruments use in general grating which allow to reach very high spectral reso- 
lution ~100 000. The optimal range of spectral resolution for a spectrograph depends obviously 
on the scientific cases. However, in the near-IR, the abundance of strong OH sky lines turns is a 
deciding point. In a large number of science case the observations of emission or absorption lines 
will need to be done between the skylines, implying a minimal spectral resolution. A spectral 
resolution larger than 4000 is mandatory in the NIR to provide enough spectral regions that 



are only limited by sky background and not affected by strong OH skylines, see Fig. 1.7 In 




Figure 1.7: Percentage of the spectral band available between OH sky lines in the J band (solid line), and 
in the first half of the H band (dashed line), as a function of the spectral resolution. From OPTIMOS-EVE 
executive summary document. 



addition, contrarily to multi-slit spectrograph in which the spectral coverage of each spectrum 
depends on the position of the object in the field of view, all spectra obtained by a fiber- fed 
instrument have the same spectral coverage. 
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Sky subtraction 

Multi- fibers spectrograph are accused to suffer from a major drawback: tlie low precision of sky 
subtraction. This is a critical issue in the case of faint object spectroscopy. In slit observations, 
the sky is directly sampled in the adjacent side of the object and can be extracted with an 
accuracy beneath 1%. The sky subtraction is more problematic in fiber- fed observations because 
the sky cannot be sample in the immediate vicinity of the target. This comparison has led to a 
commonly held view that precise sky subtraction cannot be achieved with a multi-object fibre 
spectrograph. In spite of all the advantage of fiber-fed instrument cited previously, the quality 
of the sky-subtraction is the primary justification for the construction of slit system. Several 
cons have been cited in literature against accurate sky subtraction in fiber- fed instrument, such 
as: spatial variations of the sky background, spatial variations of the quantum efficiency of the 
detector, variation of the response fiber-to-fiber (transmission, instrumental flexure), scattered 



light, cross-talk between fibers (Wyse &: Gilmore 1992, Watson et al. 1998). To overcome 



these difficulties, two standard observational procedures have been implemented to treat the sky 
subtraction in fiber-fed instruments: 

• Simultaneous background. Several fibers are dedicated to sampling the sky in the 

region of observations. The number of sky fibers depends on the wavelength domain 
observed, the dimension of the field of view and the required on quality of sky-subtraction 
(see Chapter 3). Observations have to be previously corrected from the individual response 
of the fiber and scattered light. 

• Beam-switching. Each fiber is switched between an object and a sky position (nodding). 
This strategy has the advantage to observe the sky background with the same fibers used 
for the targets (Watson 1987). The sky and the instrumental signal can be subtracted 
simultaneously. However, this procedure implies to dedicate half of the observation time 



to sky sampling and does not account for temporal variation of the sky Ramsay et al. 



(1992); Li Causi & de Luca (2005). 



Both procedures have advantages and drawbacks. Sky-subtraction algorithm and procedures 
for fiber-fed spectrographs, available in literature, hardly reach quality of 1%. Solution based 
on observational strategies have been found for fiber transmission, scattered light and cross-talk 
and are described in the OPTIMOS-EVE scientific analysis report. 



Summary 

In the last paragraph, I have investigated the key difference between fiber-fed and slit spectro- 
graph. It focuses on some points and therefore it does not aim to be an exhaustive and complete 
study on the subject. The following table summarizes the principal pros (©) and cons (©) of 
fiber and slit multi-object spectrograph. This preliminary study shows that fiber-fed instru- 
ments are more competitive than slit instruments in terms of the flexibility of observations in 
multi-object mode (e.g. less limitation on the distribution of target in the field and the support 
of integrated-field mode) and of spectral resolution. I have shown that the characteristic of 
OPTIMOS-EVE fit the technical specifications of the observation of faint and distant objects, 
in term of aperture loss, multiplex, global efficiency and spectral resolution. Its main draw- 
back is the accuracy of the sky-subtraction. In the frame of the phase A, we have developed a 
new technique that overcomes the apparent limitation of fiber-fed instrument to recover with 
high accuracy the sky. The next chapter contains a complete definition of the problem and the 
description of the implemented sky subtraction algorithm. 
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Fiber 


Slit 


Efficiency 


Low but increasing © 


High © 


Aperture loss 


Flexibility on aperture 


Critical for extended objects © 




size with IFUs © 




Multiplex 


Optimum in crowded field © 


Optimum in low density field © 


Spectral Resolution 


From low to high © 


Until 3000. Critical in NIR © 


Sky subtraction 


1% in litter ature © 


Less than 1% © 



Table L3: The pros and cons of slit and fiber multi-object spectrographs. 
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OPTIMOS-EVE sky subtraction: A 

new technique 
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As referred in the previous chapter, the question of the sky subtraction is a critical point for 
OPTIMOS-EVE. The currently existing algorithm and observation strategy of sky subtraction 
in a fiber-fed instrument can hardly reach 1% of accuracy for the sky background (REF). The 
EVE science case requires though an accuracy in the sky background extraction < 1%. In the 
frame of the phase A, we have developed a new technique that overcomes the apparent limitation 
of fibre-fed instrument to recover with high accuracy the sky. This new algorithm allows us to 
subtract the sky background contribution in an FoV of 7x7 arcmin2 with an accuracy of 1% in 
the MO mode, and 0.3-0.4% for integral-field-unit observations. The method is based on the 
reconstruction of the spatial fluctuations of the sky background (both background and emission) . 
Knowing how the sky background fluctuates in space and time is crucial for the implementation 
of an optimal sky subtraction strategy. What are the spectral characteristics of the sky? How 
does the sky fluctuate spatially and temporally? Indeed, the extent to which sky is changing 
during integration time will constrain the spatial and temporal frequency with which the sky 
needs to be sampled. I have thus dedicated a section of this chapter to a full description of the 
sky properties. In the next subsection I describe the new algorithm and discuss its performance 
in the different observing modes of the instrument. 
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2.1 What is the skyl 

The sky is commonly defined as all the light arriving to the detector which doesn't proceed from 
neither the observed astronomical source nor the instrument. The nightsky light is composed 
by a mixture of radiation produced by several sources, see Fig. 2.1, from which the main 
contributors are: 

• Moonlight. The contribution obviously depends on the moon phase. It can increase the 
night brightness by several order of magnitude, in particular in the blue bands; 

• Zodiacal light. It is sunlight scattered by planetary dust. As such, it has a solar spectra 
multiplied by the scattered efficiency as a function of the wavelength. The brightness of 
the zodiacal light decreases as a function of ecliptic latitude ( Blackwell et al.|1960 Content 
1996[ [May||20CI8 '^ 



Airglow. It is the non-thermal emission from the upper atmosphere. It is the source of the 
well-known OH lines in the near-IR, see complete description above; 

Aurora. The auroral emission is produced by the interaction of solar wind particles with the 
components of the upper atmosphere. It is only relevant when observation are conduced 
at observatories located at polar latitudes; 

Thermal emission. There are three components of thermal emission: the telescope, the 



atmosphere and the instrument. The radiation follows a grey body distribution (Content 



1996). The contribution of the thermal emission from the telescope becomes significant 



in the K band and the atmosphere contributes significantly at wavelength longer than 
2.35;um; 



Unresolved background astrophysical sources (Roach & Gordon 1973 Wyse & Gilmore 
19921); 



• Scattered light from the human activity in sites with light contamination. 

The contribution of each of these sources varies from site to site, with time and as a function of 
the wavelength. I will focus the study on the conditions characteristic of faint object spectroscopy 
observations: dark sky, without moonlight contamination and observation at high latitudes to 
avoid contamination from zodiacal light. I have also assumed that the site of observation is 
situated far from poles (that is the case of the possible E-ELT sites) and thus the contributions 
of aurora to the sky is negligible. In such observational condition, the main contribution to the 
nightsky brightness is the airglow in UV to near-IR wavelength and the thermal radiation from 
the telescope and atmosphere at wavelength long-ward to 2^m. 



2.1.1 The sky spectrum 
Emission lines 

In dark skies, the sky spectrum, in particular the emission line component, is dominated by the 
contribution of the airglow light. The existence of what is now termed airglow was established for 



first time photometricaly by Yntema ( 1909 ). It corresponds to the light radiated by electronically 



or /and vibration-rotationally excited atoms and molecules located in the upper part of the 
^^Yes, It is him! The most famous astronomer on earth: Brian May the guitarist of Queen 
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atmosphere, the mesosphere ^ , see Fig. 2.2 During the day energetic UV photons dissociate 
molecules and remove electrons from atoms and molecules. Later at night, the dissociation 
or ionization products interact with other atmosphere components and radiate light mainly by 



chemiluminescence process (Chamberlain 1961 Roach & Gordon 1973). Table 2.1 shows the 



various species, which are involved in the airglow emission, and their associated emission lines. 
The intensity of the lines are expressed in Rayleighs, the flux unit used in atmospheric physics: 



lR=3.72xlO"^^ A~^(A) erg cm'^ arcsec''^ 



Emitter 


Wavelength 


Emission 
height (km) 


Absolute 
intensity(R) 


Remarks 


Hydroxyl OH 


red and near-IR 


86 


4 500 000 


Produced by the reaction 
of hydrogen with ozone 


O2 


1.27,1. 58, 1.9/im 


90 


80 000 


IR atmospheric bands 




7619,8645A 


80 


6 000 


Atmospheric bands 




2600-3800A 


90 


600 


Herzberg bands. Contribute 
to the blue pseudo-continum 





5577A 


90 


250 


Very intense line. Accounts 
for 20% of the sky brightness 
in the V-band 




6300,6364A 


250-300 


150 




N 


5200A 


260 


1 


Blend of several lines 


Na 


5890,5896A 


92 


50 


Strong seasonal variation 



Table 2.1: Nightglow radiation due to excitation by chemical associations ordered by emission intensity. 



based on Roach & Gordon (1973) and Patat (20081 



Continuum 



The main sources of the sky continuum are the moon, the zodiacal light, the galactic dust, 
unresolved galactic sources and the thermal emission from the earth, atmosphere and the in- 
strument. For this reason, the background sky at a given wavelength and at a given position 
in the sky depends on a number of parameters such as: the position of the observed field with 
respect to the galaxy, to the ecliptic and the moon, the moon phase, the phase of the solar cycle, 
the season and the airmass. Compared to very dark night, these systematic effects increase the 
background by up to several tenths of a magnitude. In addition to these well-known sources 
of continuum, a significant contribution to the sky background proceeds from the airglow. The 



airglow continuum was discovered by Barbier ( 1953 ) and the question of its origin has led to a 



multitude of theories. Its strong variations with wavelength and time suggests than more than 
one source is involved. In blue band, the airglow continuum is a pseudo-continuum composed by 



unresolved and blended O2 Herzberg bands. According to Bates (1992), the green continuum is 



due to metastable oxygen molecules colliding with ambient gas molecules and forming complexes 
that dissociate by allowed radiative transitions. This theory is supported by the strong corre- 
lation observed between the intensity of the green continuum and those of the 5577A 01 line 
and the Herzberg system. However, other theory based on the emission of NO2 molecules are 



A layer of the atmosphere situated around ' 
temperature profile. 



'100km of altitude and corresponding to a minimum in the vertical 
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not totally discarded ( Krassovsky et aL]|1962 ). In the red and near-IR, recent works have shown 
that the continuum airglow is due to the contribution of unresolved OH doublet in the interlines 
regions ( Ellis Bland-Hawthorn||2008 ) . The scattered instrumental light of the strong OH lines 
are also considered a significant contribution of the near-IR airglow continuum. Contribution 



of a pseudo-continuum emission from O2 radiative association is not excluded (Wraight 1977 



Content 1996 1 . 



2.1.2 Temporal and spatial fluctuation of the sky 

If we observe the sky brightness in a given field of view during all the night, in the condition of 
observation given above -dark sky, without moonlight and the field observed is at high ecliptic 
latitude- we will see that it varies spatially and temporally. These variations are due to the 
dynamical nature of the atmosphere. Indeed, the atmosphere is a complex system in which the 
main properties at a given layer -composition, density, temperature - do vary with time and 
space. 



Long-scale variations 



The main contributor of this variation is the evolution of the chemical composition and density 
variation in the mesosphere, involved by harmonic periods of diurnal tides. The amplitude of 
these variations depends on the evolution of the concentration of species and on the coefficient 
rate of the reaction involved in the emission of the radiation. For illustration, the variation 



of the OH lines due to the diurnal oscillation is around 50% (Moreels et al. 2008). The OH 



radicals are produced by the reaction of hydrogen with ozone. As soon as the upper atmosphere 
is no more illuminated by the sun, the concentration of ozone increase, while the abundance 
of atomic hydrogen, which is produced during the day, decreases. It results on the increase of 
the OH radical at the beginning of the night and then a decrease in the remaining 2/3 of the 
night ( Ramsay et al.|[l992 Contentl|1996 ). The variation of intensity of OH lines due to diurnal 
variation is well approximated by a function 1/(1 + t)^'^"^ , where t is in hours (Ellis & Bland- 



Hawthorn 2008). The variations induced by the diurnal oscillation are not very problematic in 



the framework of our study of sky subtraction. Indeed, the fluctuations are very smooth and 
have long temporal and spacial scale. Its effect in observation in a 7'x7' field of view and with 
a typical exposure time of one hour is negligible. 



Small-scale variations 

Superposed to this smooth diurnal variation, the airglow emission is also affected by short- 
scale variations that are more problematic for our observations. In the near-IR, even during a 



cloudless night, the sky is structured by wide strips filling the all sky, see Fig. 2.3, If the human 
eye were sensitive to near-IR radiation, we would see a glowing and changing sky, as impressive 
as aurora. In the optical, such bands are also visible, but their are less prominent because 
the intensity of the sky at these wavelengths is less intense than in near-IR. Such short-period 
variation, of the order of few minutes to an hour, is originated by the passage of a density and 
temperature perturbation through the upper atmosphere. The existence of such gravity waves 
has been well documented and modeled ( Yu et al.|1980 ). They are caused by a variety of sources 



as the passage of wind across terrestrial landforms, the interaction of the polar jet stream or 
the radiation incident from space. The passage of gravity waves induces a local perturbation 
of the density which produces changes in the reaction rates and thus variation on the emission 
of the airglow. In the 90's several observational campaigns have been undergone to constrain 
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Figure 2.1: Night spectrum at La Palma observatory. The principal emission hnes and bands of the 



airglow are indicated. From Benn & EUison ( 1998p 
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Figure 2.2: Schematic view of the atmosphere with the different layers, the profile of 
temperature and the emitting layer of several sky features. From Patat presentation 
(http:/ /www. eso.org/^fpatat/science/skybright/index. html). 
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Figure 2.3: Right: Image of the airglow distribution in near-IR (mainly OH Meinel bands) during a 



cloudless night. A series of stripes extend over the 19° x 19° field of view. From Moreels et al. (20081 



Left: The optical airglow, mainly from the contribution of the green 01 line, in an all-sky photography. 
The optical airglow is also structured in bands stretch. From Doug Zubenel. 



the properties of gravity waves in the mesosphere ( Taylor h Edwards||1991 Ramsay et al.||1992 



Taylor et al. 1995, 1997). Gravity waves are sinusoidal waves with characteristic horizontal 
wavelength Ac, period T and horizontal propagation velocity Vc- They induce in the sky two 
main features: bands originated by waves of 10 mm period, Ac ~ 2b km and Vc ~ 50ms~^; 
rippled arising from waves with smaller period (~ bmin) and shorter wavelengths Ac ~ 10 /cm. 
Converting these properties into spatial angle unit, we found that gravity waves induce spatial 
fluctuation on the sky of the order of 15° for bands and 6° for rippled which propagated at the 
velocity of 2'/s respectively (at a mean altitude of ~ 90A;m). 

The intensity of the fluctuation of the airglow emission induced by a gravity wave varies as 
a function of wavelength. Indeed, the intensity variation of a sky spectra features - line, band 
or continuum- depends principally on the altitude of the emitting layer and on the reaction 
rate and density of the species that originate the emission. In order to evaluate the intensity 
of the fluctuation in the optical domain, we have undergone a quick characterization of the 
spatial variation of the sky features in a field of view of 2"x2". We have used the MXU/F0RS2 
observations (600RI and 600z) described in Part II Chap. 2, to sample the intensity of the sky 
continuum at 8200A and the flux of 01 and 01 sky lines in flux calibrated sky spectra arising 
from several slits of a F0RS2 mask (see Fig 2.4). We found that the sky background varies 
slightly across the field: 5-10% between two positions on the sky. The intensity of skylines does 
also vary spatially from 10% to 20%. The spatial variations are smooth and have a spatial scale 
of 1.0' which is coherent with the passage of a gravity wave. In the near-IR (1-1. 8//m), [Ramsay 



et al. (1992) and Moreels et al. (2008) have shown that the fluctuation of the OH emission bands 



can have variations of 5-10% and sky background fluctuates with an amplitude of 15%, see also 



High et al. (2010). All the OH bands vary in phase, but without the same intensity (Ramsay 
et al.||1992h. 
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Figure 2.4: Intensity variation of the sky background at 8200A (left) in a 2"x2" field of view from F0RS2 
observation. 
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Figure 2.5: Sequence of spectral measurements for some sky features measure in FORSl spectra by 



Patat (2008). Exposure times ranged from 10 to 20 minutes. The vertical dashed line marks the start 



of morning astronomical twilight. The horizontal dashed lines mark the average value, while the dotted 
lines indicate ±20% levels. 
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Severals observations have put on evidence the correlation of the fluctuations between sky 



spectral features (Chamberlain 1961 Patat 2008), see Fig. 2.5 The spectral features can be 



regroup into three co-variance group, inside which all features vary in phase: 

• The green-line group : [01] A 5577A, O2 Herzberg bands, blue pseudo-continum, green 
continuum and O2 atmospheric bands; 

• NaDA6300A and OH Meinel bands; 

• Red 01 line and N A 5200A. 

Such correlations rise from common emitters or same emitting layer altitude shared by the 
members of a co-variance group. For instance, all the features of the green-line group are 
produced by O2 molecules emitting in a ~ 90 km layer. Likewise, the red 01 line and N A 5200A 
are both produced in high altitude mesospheric layer (~ 250 /cm). 



2.2 A new algorithm for sky extraction 



As the two components of the sky-emission and continuum- do not vary in phase, we have 
chosen to approach the sky subtraction issue by treating the two terms independently. The 
algorithm is divided into two steps: the determination of the sky background using a A — A 
surface reconstruction and the extraction of the sky emission lines with the Davies's method 



(Davies 2007). The flowchart of the sky extraction algorithm is presented in Fig 2.6 The bulk 



of the algorithm is programmed in IDL. 



2.2.1 The sky background : A — A reconstruction 

To reach an extraction of the sky background within 1%, the sky background has been recon- 
structed at different wavelengths. The principle of the method is to sample the level of the 
background sky in different points of the field of view, the sky fibers, and reconstruct the whole 
surface using an interpolation method on an irregular grid. The reconstruction of the sky back- 
ground surface is a new approach to the sky extraction issue. To our knowledge, there is no such 
approach in the literature. The algorithm of sky background subtraction is divided into three 
steps which are described below. 



Decouple the continuum from the emission lines in sky spectrum 

The goal of this first step is to mask all the emission lines in a stacked sky spectrum in order 
to properly evaluate the sky continuum. All the sky lines are stacked into a single sky spectra 
in which a sigma-clipping algorithm detects the emission lines (see Numerical Recipes for the 
description of the sigma-clipping algorithm and Erwin ) . The user can choose the sigma threshold 
and the wavelength range where the sigma of the sky continuum is measured. This step gives a 
sky emission mask. 

In some cases, the sky continuum spectrum can be contaminated by instrumental scattered 
light. The continuum has a complex profile as function of wavelength and the emission lines are 
difficult to extract with the sigma-clipping algorithm. In prevision of such cases I have added 
an optional step: a first guess of the continuum is evaluated by applying a low pass filter or 



a wavelet decomposition on the stacked sky spectrum (Starck &: Murtagh 1994). The order of 
the wavelet decomposition and the cutoff frequency of the low pass filter can be defined by the 
users. I am also planning to implement an interactive IDL routine which will allow the users to 
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Figure 2.6: Flowchart of the sky subtraction algorithm. Examples are shown in the lower panels: (a) 
Sky emission mask (red boxes) produced by kappa-sigma-clipping. (b) Residual from the subtraction of 
the continuum background in a 7' x 7' field using 120 sky fibres in Ih exposure time, (c) Modeled sky 
(red line), continuum background and emission lines derived by the Davies's method, over-plotted to the 
input sky spectrum (black line), in logarithmic scale. 
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create his own mask by masking the emission hnes by hand. The position of usual sky emission 



hues (Hanuschik 2003) wih be indicated. 



Sky background 

On each sky fibre, the emission hnes are masked by the sky emission mask. The regions without 
emission hnes are smoothed using wavelet decomposition. The smoothed continuum is then 
interpolated into the entire wavelength range in order to have a background pure sky spectrum 
in each sky fibre. Here again the order of the wavelength decomposition can be selected by 
the user depending on the used instrument, nevertheless the default value of such parameters 
(wavelet order, sigma-clipping, etc..) have been optimized for the OPTIMOS-EVE case. 

A — A surface reconstruction 

The surface of the sky background level is reconstructed in several layers of A. The sky continuum 
is binned in wavelength spectral resolution element of width AA. For each A — A layer, the surface 
is reconstructed using a triangulation interpolation method, the IDL routine GRIDDATA, from 
the position of the sky fibre and the value of the continuum in the given A bin. I have used the 
GRIDDATA routine with the method of natural neighbor interpolation, in which each interpolant 
is a linear combination of the three vertices of its enclosing Delaunay triangle and their adjacent 
vertices. 

At the end of this step, the value of the sky background is constrained in all the field of 
view and at different wavelength bins. The continuum at the position of the sky and object 
spectra is extracted from the A — A sky background cube and subtracted to the sky and object 
spectra. The sky background subtracted spectra are then sent to the algorithm of emission lines 
subtraction. 

2.2.2 Sky emission lines: the Davies's method 

The method proposed by [Davies (2007), briefly summarized hereafter, removes the OH lines in 



the near infrared (1 to 2.5 ^m). The reader is refered to Davies (2007) for a detailed description 
of the algorithm. 

As described in section 2.1, the main difficulties in subtracting sky emission lines, in particular 
the Meinel OH lines, are the fiuctuations in their absolute and relative fiux both temporally and 



spatially, see Fig. 2.7 The Davies's algorithm compensates these changes and also correct the 
effect of instrumental fiexure which can lead to 'P-Cygni' type residual due to small mismatch 
in the wavelength scaling. The algorithm is based on the physical reason of the absolute and 
relative flux change in OH lines : the fluctuation in the vibrational and rotational temperatures. 
The effect of the vibrational temperature fluctuations is the main contributor of the OH flux 
variation. As the emission lines produced in a given vibrational transition lie in well defined 
bands, it is possible to divide the sky spectrum into section corresponding to a single vibrational 
transition. In each section, the spectrum to be sky subtracted is fitted to a reference sky spectrum 
in order to find a scaling factor which corrects the difference of vibrational temperature between 
the reference sky and the sky at the object position. After iterating in all the section, a scaling 
factor function is derived and the combination of this scaling factor function with the reference 
sky spectrum is subtracted to the object spectrum. The changes on the rotational temperature 
are treated in a similarly way. We have extended this method to optical wavelengths. 

We have also tested to subtract the sky emission with principal component analysis, a statical 
method based on the statistical description of random variables. The PCA is applied on the data 
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Figure 2.7: Spectrum of the OH emission across the H and K bands (the thermal background has been 
subtracted). The various spectral ranges corresponding to the different vibrational transitions (labelled) 



are indicated, from Davies (2007). 



sampled by the skylight fibers to obtain the modules of sky emission lines of this observation. The 
components are then linearly combined to remove the sky lines from the continuum subtracted 



object spectra. This method has been proposed by Wild Sz Hewett (2005) to remove residual of 



sky lines and implemented to the SDSS data by Bai et al. (2008). Despite the very good results 



of PCA in SDSS data, the method was not very convincing in the case of faint object spectra. 
The residuals on the extraction of the line is still too high for very small S/N spectra and the 
main limitation is the property of this residual. As the PCA is trained always with the same 
array, the residual do not vary from one exposure to an other. It always have the same profile 
and same intensity. Contrary to the random noise, the residual from PCA will not diminish 
when the different exposures are combined. Moreover, the PCA method doesn't manage to 
compensate the issue of the instrumental flexure which introduce more 'P-Cygni' type residual 
in the final spectrum. 



2.2.3 Applying the algorithm to data 
Input file format 



At the present time, the software works with two input data files in FIT^^^ format: a 2D sky 
file and a 2D target file. These files store the n sky or target spectra coming from the fibers 
during an observation. Their header contains the usual information- as the spatial and spectral 
dimension scaling and reference pixel- and the X-Y positions of the fibers in the field-of-view, 



see Fig. 2.8 In the future, specific formats of existing instrument will be made available. 



Defining user's parameters 

The algorithm can be applied to any fiber-fed spectrograph by changing the user's parameters. 



Table 2.2 summarizes the default parameters of the sky background subtraction algorithm used 
for OPTIMOS-EVE. 



i^FITS stands for 'Flexible Image Transport System' and is the standard astronomical data format endorsed 
by both NASA and the lAU. 
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Figure 2.8: Format of the input file data used by the sky extraction software. The spectra from the 
fibers and their positions are stored in a FITS file. 



(Tthres - It is the sigma threshold used by the sigma-clipping algorithm for detecting the emission 
lines in the sky spectrum. All spectral pixels with sigma superior to (Tthres x Ccont will be 
flagged as emission lines in the mask. 

Ai — A2 - It is the region where the sigma of the continuum is measured. The user must select 
a region free of emission lines in the sky spectrum. 

^wavelet The contiuuum is evaluated by smoothing with wavelets the sky spectra after masking 
the emission lines. The masked sky spectrum is decomposed into seven different wavelet 
scales using the undecimated (keeping an identical sampling in each wavelet scale) wavelet 
transform. The user can choose the number of scale which will be used in the recombina- 
tion. In the wavelet space, the first scale is the highest frequency (index on scale 0) and the 
lowest frequency is in our case the wavelet scale number 6. The algorithm will recombine 
the Nyjaveiet lowest frequency wavelet scale to produce the smoothed continuum. 

AA - It is the spectral resolution at which the sky background surface is reconstructed. The AA 
have to be optimized in order to well sample changes of slope in the sky spectrum. The 
ratio spectral-range/ A A needs to be kept to reasonable values < 100. Indeed, an increase 
of the spectra resolution (decrease of AA) will increase drastically the execution time. The 
software will need to interpolate more surface layers. 



2.3 Sky subtraction on EVE-OPTIMOS 

In order to test and optimize the algorithm to the EVE instrument, I have constructed a sim- 
ulator of fiber- and IFU mode EVE observations. Armed with this simulator, it is possible to 
explore the full potential of the new algorithm in the frame of EVE observation and investigate 
different aspects of the sky subtraction issue in fiber- fed instrument, such as: 

• the accuracy of the sky subtraction in the two modes, mono-object and medium integral 
field unit; 
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Parameter 


Value 


Remarks 


'^thres 


3 


a threshold for the sigma-clipping 


[Ai - A2] 




Interval in which the sigma 






is measured for sigma-clipping 


-^wavelet 


1/7 


Order of the wavelet decomposition 






used in continuum fitting 


AA 


~10-50 


Spectral resolution of the A — A sky cube 



Table 2.2: Default parameters of the sky background subtraction algorithm used for OPTIMOS-EVE 



• the number of sky fibers which are necessary to reach 1% of accuracy on the extraction of 
the sky-background; 

• evaluate the gain on the sky-background extraction accuracy from using MI or slit; 

• define the better observational strategy for specific science case; 

• verify the feasibility of the challenging EVE science cases, e.g.: high-z galaxies; 

• investigate the optimization of the position of sky fibers with respect to the object fibers. 

In this section I will first describe how the simulated EVE observations have been constructed. 
In a second part, I will present the tests which have been performed and I will provide some 
answers to the above questions. 



2.3.1 Tests on simulated EVE data 

The simulator is compounded of a sky generator, which creates sky datacubes, an object gener- 
ator and an interactive routine that allows placing IFU or fibers in an EVE field of view. The 
parameters of the simulation have been chosen to be the closer to the observational setup: same 
spectral resolution, spatial scale, A sampling and field-of-view as EVE setups. The architecture 



of the simulator is described in the flowchart in Fig. 2.9 
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Figure 2.9: Flowchart of the simulator for the fiber- and IFU mode EVE observations. 



173 



Chapter 2. OPTIMOS-EVE sky subtraction: A new technique 



Simulating sky 

The input sky cube is tlie critical point of the simulator. Our sky subtraction algorithm is based 
on the spatial and temporal properties of the sky. It is thus crucial to test it with simulated 
sky as realistic as possible. Armed with the characterization of the sky properties presented in 
section 2.1, I have constructed fake sky cube with the following methodology: 

- Define the parameters of the simulation: the spectral resolution R, the wavelength range, 
central wavelength, exposure time, the spatial resolution. 



- Create a theoretical sky spectrum using the parameters defined above. The spectra is 
generated from the combination of a sky continuum, given by the Standard ESO ETC 
sky brightness and Cuby et al. (2000), with a library of sky lines from Hanuschik (2003). 
The sky background is interpolated over the defined wavelength range considering the 
magnitude given per band. 



Generate a random sky background fluctuation surface according to the properties of 
the sky at the given wavelength. A surface with smooth gaussian variation having the same 
dimension as the EVE field-of-view is generated, see Fig. |2.10[ The spatial scale of the 
variation is set to 1' and the intensity peak-to-peak is 10% in optical and 20% in near-IR, 
see justification in Section 2.1. 





Figure 2.10: Simulated sky background fluctuation surface. The dimension of the field-of-view is the 
same as those of EVE. The fluctuation has a spatial scale of one arcmin and an intensity peak-to-peak 
of 20% (near-IR observation). 



- Build the sky cube. In each spaxel the value of the sky background fluctuation is multiplied 
to the theoretical sky spectrum and a Poisson noise is added. The final product is a three 
dimensional file with the dimension of the field-of-view for the spatial axis and the same 
dimension as the theoretical sky spectrum for the wavelength axis. 

Sky cubes have been generated for the MI and MO modes in optical and near-IR. The 
input parameters of the sky datacube model are summarize in table |2.11| as a function of the 
observation mode and the spectral domain. 
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Visible 


nearlR 


MO mode 
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0.9" Spatial sampling 
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Myquist spectral sampling 
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Figure 2.11: Input parameters for the EVE observation simulator in function of the mode - MO or MI- 
and the wavelength domain. 



Simulating observations 

The simulated observations are composed by a series of sky spectra coming from sky fibers or 
spaxel positioned at a given position in the field and sky+object spectra from object fiber or 
spaxel. To generate a simulated observation I proceed the following steps: 

- Define the position of the fibers or IFU in the field-of-view. I have created two IDL 
interactive routines, one for the MO mode and another for the MI mode to make this 
task easier. In the MO mode, the user can select the position of sky and object fibers 



in a 7' X 7' field-of-view with a spatial scale of 0.9", see Fig 2.12 In the MI mode, the 
interactive widget have two setup: a low spatial resolution with a spatial resolution of 0.9" 
and a normal spatial resolution with a spatial resolution of 0.3" which is the resolution of 
the MI IFU. The user draws in the field-of-view the shape of the IFU and can select which 
spaxel is associated to an object spaxel or to a sky spaxel. I have chosen this solution, 
instead to directly draw the IFU as a block because it gives more flexibility to test questions 
as the geometry of the IFU and the optimization of sky background subtraction using no 



illuminated spaxels in the algorithm, see Fig 2.12 The widget saves a mask file with the 
position of the sky and object fibers or spaxels. 

Simulate target spectra. I have simulated two kinds of astrophysical objects based on two 
EVE science case: a stellar template and an emission line galaxy. 

The stellar science case is planned to be observed with the MO mode. The spectrum is 
constructed from a standard stellar template from Pickles library, which is resampled to 
the right spectral resolution and wavelength range and converted into photon counts. The 
user gives the magnitude in a band and the time of exposure. The conversion from flux 
to counts is the same that those of the sky simulation described previously. However, due 
to the atmospheric turbulence, only some fraction of the object's flux will fall within the 
fiber aperture. This fraction depends on the PSF and hence on the chosen AO mode: 
Seeing limited (i.e. no AO) or Ground Layer AO (hereafter GLAO). The fractional energy 



encircled by the MO fiber (0.9" of aperture) is given in table 2.3 for different bands and in 
the case of seeing limited and GLAO observation. The final object spectrum (in counts) 
is multiplied by the fraction of energy enclosed at the given band and AO mode. 
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Figure 2.12: Interactive widget for the construction of fake MO and MI observations. Left: Widget for 
the MO mode. The red dots are sky fibers and the white fibers dedicated to object observations. The 
white squares represent the limit of the EVE field-of-view. Right: Widget for the mode MI. The white 
dashed spaxel are associated to sky and the dark are associate to an object. 

The high-z galaxy science case is modeled by a constant continuum of magnitude magcon 
and an emission line defined by a gaussian function centered at the position Xemi with a 
total flux of fluxemi and a velocity dispersion aemi- This science case can be observed 
with the MO and MI mode. For the MO mode, the galaxy has been assumed to be a 
point source and the same conversions as the stellar template have been applied. In the 
MI mode, the galaxies have been assumed to have a spatial dimension. The users can 
define the number of illuminated pixel in the IFU, N spaxel- The spectrum in each spaxel 
corresponds to the total flux of the galaxy divided by the Ngpaxei- 

U B V R I J H K 

Seeing limited 57 59 62 65 69 73 76 80 
GLAO 61 64 67 70 73 77 81 83 

Table 2.3: Percentage of energy enclosed in the S/N reference area of aperture 0.9". Measured from PSF 
simulations for a D = 42 m telescope. From E-ELT Spectroscopic ETC: Detailed Description,ljiske. 



2.3.2 Results of the benchmark study 
Accuracy of the sky background extraction 

As refereed previously, the main motivation to the implementation of a new sky subtraction 
algorithm is to achieve the extraction of the sky continuum with an accuracy < 1% required 
by the EVE science cases. I have thus tested if the design algorithm can reach this mandatory 
requirement in both observational modes, MO and MI. The quality of the extraction is defined 
as the residual between the input and the recovered sky surface. 

In the MO mode, the quality of the sky-continuum surface reconstruction depends on the 
number of dedicated sky fibers and how they are distributed in the field-of-view. I have tested 
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the quality of the sky background extraction as a function of the number of dedicated sky fibers. 
For a given number of sky fibers, I have simulated 50 observations of one hour exposure with sky 
fibers randomly distributed in the field of view and measure the accuracy of the sky-background 



extraction in the central 5' x 5' region of the field-of-view. Fig. 2.13 illustrates the results of the 
Monte-Carlo simulations. The median value of the accuracy over the 50 iterations has been plot 
at each given number of sky fibers. At visible wavelengths, the sky background can be easily 
retrieved with accuracy of 1% using 30-40 sky fibers. In the near IR, due to the large variation 
of the sky background (20% peak to peak), a least 80 fibers are needed to properly recover the 
sky background with the same accuracy. 

In the MI mode, we have simulated the case of an object illuminating nine central spaxels. 
The number of illuminating spaxels has been estimated from the apparent size of a z=8 Lyman 
alpha emitters, around 0.2", observed in GLAO mode. The remaining free fibers in the IFU were 
used as constraints for interpolating the sky background, in addition to four dedicated fibers 



sampling the sky contribution at larger spatial scales (see 2.14). The MI mode allows us to reach 
an accuracy of sky extraction of 0.3%. It is thus recommended for observations for which the 
sky background has to be recovered with very high accuracy. 

Application to the High-z galaxy science case 

The goal of this science case is to study the sources of the reionization. OPTIMOS-EVE is the 
ideal instrument to address this problem. Given its stability and spectral resolution, it is well 
suited to observe a large number of targets during very long exposure times. However, this is 
also one of the most challenging cases. Indeed, it requires being able to recover the very faint 
emission, down to 1 x ergs / cm? / s, from objects with a continuum reaching m(AB)= 28 

or more. I have verified the feasibility of this science case in term of sky subtraction, in the 
MO and MI mode. The modeled z=8.8 galaxy has an apparent size of 0.2", which is typical 
of galaxies at this redshift. At z~9, the Lyman alpha line falls in a spectral window devoid of 
strong sky emission lines. The test has been performed using a Monte-Carlo simulation of 40 
independent observations of Ih exposure (40 different sky cubes) for each mode. 

For the mode MO, 82 targets and 120 sky fibers have been distributed in the EVE field-of- 
view. Forty independent observations of Ih exposure have been generated by the EVE observa- 
tion simulator. Each individual exposures have been sky subtracted using the sky subtraction 
algorithm and then combined together with a median minmax rejection algorithm (IRAF scorn- 



bine task). Fig. 2.16 summarizes the performance of the MO mode in recovering a distant 
galaxy with an AB magnitude of 28, an emission line fiux of 1 x W~^^ ergs/cm? /s, and a 
FWHMohs=^50km/s, in 40 hr of integration time. The emission line is recovered with a mean 
S/N ratio of 8. 

In MI mode, the galaxy illuminates nine spaxels of the IFU. The other spaxels of the IFU 
are used for the determination of the sky, in complement of the four surrounding sky fibers. As 
the MO mode, 40 independent observations of one hour exposure have been simulated. The sky 
has been extracted in each individual exposure, using an optimal extraction to subtract the sky 
contribution. The observations have been binned in order to sum up all the fiux of the object 
and then sky subtracted. The MI mode allows us to reach an S/N of 5 and 16 for faint emission 
lines (1 X 10^^^ ergs / cm? / s) and an underlying continuum of 30 mag and 28 mag, respectively. 
The MO mode, for the same faint emission line and an underlying continuum of 28mag in J-band 



the galaxy is detected with an S/N=8. Fig. 2.16 shows the detected Lyman alpha line after sky 



background subtraction (exposure time of 40 hours) in the MI and MO modes. In the MI mode, 
the sky background is better subtracted and the line is detected with a better S/N than with 
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Figure 2.13: Right panel: Accuracy of tlie slcy background subtraction as a function of the number of 
dedicated sky fibres for the optical (blue) and near IR (red) wavelength domain. Left Panel: Quality of 
the extracted sky background in the MO mode at visible wavelengths (%). Simulations were done on 
a field of 7x7arcmin with 91 fibres randomly distributed on the sky. 110 objects fibres have been also 
distributed in the field of view. The accuracy of the sky background extraction in the object fibre is less 
than 0.9%. 




5 lu 15 20 

Figure 2.14: Simulated MI button including the 4 sky fibres. The color bar on the right side indicates 
the quality of the interpolation. 
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Figure 2.15: Simulation of 82 galaxies at z=8.8 in the J-band observed during 40 hours in the MO 
mode with GLAO. All galaxies have a continuum in the J-band of m(AB)=28 and the Lyman alpha line 
has an integrated flux of 1 x 10^^^ ergs/ cm^ /s and a fwhm=150km/s. Left panels: The Lyman alpha 
line detected after sky background subtraction in different fibers (black line). The input spectrum is 
shown as reference (red line) . The quality of the detection depends on the quality of the sky background 
subtraction at the location of the fibre. Sky emission lines have not been subtracted. Two sets of sky 
lines are visible at 1184-1187nm and 1193-1195nm. Right panel: Show the EVE field-of-view and the 
observational setup. The sky has been sampled with 120 fibers (half of the total number of available 
MO bundles; see open circles). The 82 simulated galaxies are shown as blue stars, while the red stars 
correspond to the fibers shown in the left panels. 



the MO mode. 



Observational strategy 

The algorithm described above will be applied in staring mode, when only the visible arm is 
used. In the case of NIR data, the sky is observed using offset exposures. These frames (on 
and off) are subtracted one from the other in 2D: A - B (this removes dark current contribution 
and sky contribution). In a following step, the residual of the sky (due to temporal variations 
between on and off) is removed by applying the aforementioned algorithm, using the fibers 
dedicated to the sky in the 'A' configuration. 



2.4 Conclusion and prospective 

The sky-subtraction algorithm do answers the mandatory requirement of the EVE science case: 
the accuracy < 1% in sky-background subtraction. The sky background contribution can be 
extracted in an FoV of 7x7 arcmin2 with an accuracy of 1% in the MO mode, and 0.3-0.4% 
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Figure 2.16: Simulation of a z=:8.8 galaxy observed in the J band during 40 hours in the MI (left 
panels) and MO+GLAO (right panel) modes. The galaxy has a J-band continuum of m(AB)=30, 28, 
and 28, respectively, and the Lyman alpha line has an integrated flux of 1 x ergs / cm? / s with 

FWHM=150km/s. Left and middle panels: the Lyman alpha line is detected in the binned central 
spaxels of the IFU after sky background subtraction (black line). The target illuminates nine central 
spaxels that have been summed up. The remaining spaxels are used for sky sampling. Right panel: 
simulation of observations in the MO mode of the Lyman alpha line. The observational setup is the same 
as the one described in Fig. . 

for integral-field-unit observations. I verified the performance of the algorithm in faint object 
spectroscopy observations and found very promising results: Emission lines with total flux 1 x 
erg/ s/cm? over a 30mag continuum can be extract from the sky background noise v^'iih. 
the A — A surface reconstruction algorithm. This study demonstrate the ability of fiber-fed 
instruments to proceed accurate sky-subtraction and thus show that they are serious competitors 
to slit instruments for faint object spectroscopy. In the future, I aim to develop severals points 
of this study : 

• Create a user-friendly interface for the sky-subtraction algorithm and adapt it to reduce 
data from several fiber-fed spectrograph. The software will be make public. 

• Test the algorithm in existing fiber- fed instrument, such as GIRAFFE/ VLT and PKAS/Caha. 
A preliminary test have been done with GIRAFFE data. I found that the algorithm is able 
to extract the sky background with an accuracy of 1.8% for 18 sky fibers. This results coin- 
cides with the expected accuracy on sky extraction with 18 using the A — A reconstruction 
algorithm. 



180 



Part III 



The study of Host gal^lxies as a 
proxy SN la progenitors 

am a shooting star leaping through the sky 
Like a tiger defying the laws of gravity 
I' am a racing car passing by like lady Godiva 

I' am gonna go go go 
There's no stopping me 
r am burning through the sky yeah! 

Two hundred degrees 
That's why they call me mister Fahrenheit 
r am traveling at the speed of light 
I wanna make a supersonic man out of you" 
Queen, Don't stop me know 
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Chapter 1 

Introduction 



1.1 Supernovae la 



Supernovae are extremely luminous events originated by a stellar explosion. According to their 
spectral features supernovae are classified into two main categories: Type II, which show hydro- 
gen features in the spectra and type I with no hydrogen lines. Type I have a sub-classification 
according to the presence of specific spectral features. For example, type la supernovae (SNe la) 
are characterized by the presence of the Si II 615.0 nm absorption line, see figure [lT] Contrary 
to the other supernova types, which are originated by core-collapsing stars, SNe la are generally 
considered to be the result of the thermo-nuclear explosion of a white dwarf(s) ( [Hoyle Fowler 
1960: Erratum: Hoyle &; Fowler 1961). SNe la produce consistent peak luminosities around 



My = —19 mag and have characteristic light curves (luminosity as a function of time). Due 
to the uniformity of their observed properties, Type la Supernovae have been used as standard 
candles and have played a central role in modern cosmology in the last decade. I will discuss in 
more detail on the progenitor nature of SNe la in section 1.3 of this chapter. 




(a) SN 18B7N (la). I ~ 1 week 

(b) SN 19atA (U), T ~ 1 week 

(c) SK 1987M (Ic), t ~ 1 week 
<d) SN IS84L (lb), t ~ 1 week 



4000 8000 6000 

Rest Wavelength (A) 



10000 



Figure 1.1: Spectra of SNe showing the main characteristics of the four Supernovae types and subtypes. 



t is the time after B max, r is the time after core collapse and the units of f^, are in ergs s 



cm 



' Hz- 



From Filippenko (1997), fig. 1 
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1.2 Supernovae la : a tool for Cosmology 



The main goal of observational cosmology is to constrain the cosmological parameters that 
describe the Universe. Due to its homogeneity and isotropy, the Universe can be described by a 
Friedman-Roberston- Walker model defined by the following cosmological parameters : Hq the 
Hubble constant, VLm the energy density in matter, the energy density in radiation and Vt\ 
the vacuum energy density and the curvature. Hq and Vtr have already been determined from 
the measurement of redshift and luminosity distance in galaxies and from the energy density 



in Cosmic Background respectively (Riess et al. 2009 Komatsu et al. 2010). To determine 



and r^A) the space geometry of the Universe must be measured on large scales. One way to do 
it, is based on the use of standard candles to probe, to high redshifts, their redshift-magnitude 
relation (also called Hubble diagram). A standard candle is an astrophysical object which 
intrinsic luminosity can be determined through its physical properties, such as the luminosity- 
period relation of Cepheids stars. Considering, 



/ 



L 



(1.1) 



where L is the intrinsic rest-frame luminosity, / the apparent flux and di is the luminosity 
distance expressed in terms of the redshift and the cosmological parameters (see for instance 



Carroll et al. (1992)), we can obtain the redshift-magnitude relation for standard candles and 
derive from it the cosmological parameters. 

In early 90's, astronomers have discovered that SN la can be considered as standard candles, 
due to the relationship linking their intrinsic peak luminosity and their light curve decay time 
( |Pskovskii|p84t |Phinips|p93l [Riess et al.|[T995l [l996l [Hamuy et aL][T995l ) . However, the scatter 
of apparent B magnitude at the peak can reach ~ 1 mag. To overcome this limitation, empirical 



calibration based on the light curve width-luminosity, e.g. mAis, (Phillips 1993) and intrinsic 



colors (van den Bergh 1995) have been implemented. Currently used methods to calibrate SNe 



la allow to a reduced scatter of 0.13 mag ( |Hamuy et al.||1996t [Astier et al.|[2006[ ), making SNe 
la valuable cosmological standard candles (see review, e.g. Branch (1998)). 

During the past decade, new telescopes, new search techniques, and improvement of cali- 
bration from local SN la survey and the systematic detection and photometric observation of 
high-z SNe, allow to construct the magnitude-redshift relation at high redshift where the effect of 
cosmological constant is significant. Two independent groups the Supernova Cosmology project 



(SCP) (Perlmutter et al.,,1999; ) and the High redshift SN Search Team (HZT) ( [Riess et al.|[l998 ) 
performed the Hubble relation for SN la. Their results led to a striking conclusion. Contrary to 
the predictions based on the Einstein-de Sitter Universe, both groups found that the Universe is 
accelerating. The data put on evidence a nonzero dark energy driving the expansion of the Uni- 



verse. Independent observations from the Cosmic Microwave Background CMB (Bennett et al 



2003; Komatsu et al. 2010) and large scale structures (Peacock et al. 2001) have confirmed the 



discovery. At the present date, the assumed set of cosmological parameters correspond to a flat 
A-CDM cosmological model with Ho=70km s-iMpc-\ 0^ = 0.263 ± QM2{stat) ± 0.032(sys), 



for a A CDM Universe (Astier et al. (2006)). These results are in agreement with the 7 year 
WMAP resuhs ([Komatsu et al.[[2010[). 



Current and future SNe la surveys are focussed on the determination of the nature and 



properties of dark energy (Astier et al. 2006 Eisenstein et al. 2007). To differentiate between 



the number of dark energy models, the expansion history of the universe has to be mapped with 
high precision and small systematic uncertainties. Accurate photometry of distant high-z SNe are 
very challenging because of their small angular sizes and their faint apparent luminosities. Such 
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Figure 1.2: Upper panel: light-curves in B band of the Calan/Tololo SNe la sample. SNe la have 
a very homogenous light-curve shape. The observed scatter of peak luminosity can be reduced by the 



stretch correction. Lower panel: light curve corrected by the stretch-factor. From Perlmutter (2003) 



kind of observations requires very stable detectors with high spatial resolution, high quantum 
efficiency and arrays almost devoid of bad pixels. The new generation of earth and space- 
based surveys, such as the Pan-STARRS, Dark Energy Survey and Joint Dark energy mission 
(JDEM), will provide a better control on photometry and possible systematics. Indeed, currently 
the major obstacles to fully exploit the potential of SNe la in cosmology are the subtle systematic 
uncertainties from the insufficient knowledge of the SN la physics: nature of their progenitor 
stars, physics of the explosion, possible evolutionary effects, effect of the dust dimming in the 
host galaxy (see for instance, Prieman et al. (2008); Howell (2010)). 
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0.02 0.05 0.1 0.2 0.5 1.0 



redshift z 



Figure 1.3: The redshift-magnitude relation for type la Supernovae measured by the Supernovae Cos- 
mology Project (Perlmutter et al. 1999). Three theoretical curves are shown for various values of 
and r^A- Assuming a flat Universe, the best fit to the data does favor a non zero cosmological constant. 



1.3 Supernovae la progenitor scenarios 



Years of observational and theoretical studies have led to the general agreement that SNe la are 
the result of thermonuclear disruption of carbon/oxygen white dwarfs (C+O WD), in a binary 



system, that reach the Chandrasekhar mass of 1.39M0 (Hoyle k. Fowler 1960 Erratum: Hoyle 
&; Fowler 1961). The evolution of their luminosity with time (the light-curve) is driven by the 
radioactive decay of the ^^Ni produced during the explosion into ^^Co and ^^Fe (Nadyozhin 



1994: Pinto & Eastman 2000). However, up to the date there is no direct observations of a Sn 



la progenitor and thus on what is the exact evolutionary scenario that leads to the explosion. 
Theory proposes two main scenarios for the origin of SNe la: 

• Single degenerate scenario - SD 

In this scenario, the C+O WD accretes mass from its companion, a main sequence star 
( Whelan &: Iben||1973 ). Different models predict different delay times between the episode 
of star formation producing the progenitor system and the time of explosion. According 
to Mannucci et al. (2006), the delay time is around 670 Myr. However, prompt delay 
shorter than 100 Myr are possible if the companion is a massive main sequence star (6- 
7Mq) (IHachisu et al.||2008l IPinto & Eastman||2000p or a helium star IWangl (|2008p. Very 



long delay are also possible if the companion is a low-mass red giant ( Hachisu et al.pOOS ). 



Double degenerate scenario - DD 

According to this scenario, a binary system, composed by two white dwarfs, merges to 
a WD surrounded by a heavy disk or by a rotating envelope around the more massive 
WD. When the mass of the remaining WD reaches ~ 1.4 Mq, due to the mass accretion 
from the envelope or disk a SN la occurs dlben k Tutukov||1984p . The delay time depends 
on the timescale of the formation of the WD binary system and ton the decrease of the 



186 



1.3. Supernovae la progenitor scenarios 



angular momentum of the system due to the emission of gravitational waves (Shapiro Sz 
Teukolsky|[T983|). 



1.3.1 Influence of the nature of the progenitor on the properties of SN la 



The progenitor age or the delay time distribution (DTD) is a powerful tool to disentangle among 
the progenitor scenarios. Different explosion models and progenitors predict different delay time 
distributions, and can be confronted with the observations. Prom the observation of the evolu- 



tion of the SNe la rate with redshift, Mannucci et al. ( 2005 , 2006 ) found evidence of a bimodality 



of the DTD. As shown in fig 1.4 part of SNe la explode shortly after the star formation, < 0.6 
Gyr, and should be related to young, massive short-lived stars (~ 6-8 Mq). The other part 
of SNe la explode ~ 2-4 Gyr after the star formation (Strolger et al. 2004) and are probably 



related to old low mass stars. The authors show that the SN la rate can be expressed in terms 
of two components, one proportional to the star formation rate of the host galaxy, and the other 
to the stellar mass of the host. The origin of this bimodality is still unknown. Indeed, both 
progenitor scenarios can originate such distribution when assuming particular parameter of the 
explosion. But it can also indicate the existence of two populations of SNe la coming from differ- 
ent evolutionary channels. The existence of two populations SNe la, linked to two different age 



progenitors, can have a big impact on cosmology with SNe la (Dommguez et al. 2001; Frieman 



et al. 2008). For instance, presently, it is not yet known if the two populations will follow the 



same empirical relations used to calibrate SNe la into standard candles. It should be noted that 
current existing data, including high redshift supernovae does not allow to clarify the existence 



of bimodality. According to the recent work by Strolger et al. (2010), HST-SN data favors a 



single mechanism with DTD of 3-4 Gyr. This conclusion seams to contradict the results from 
the SNLS-Supernova Legacy Survey ( Neill et al.|2006 ) and the observed SNe la heterogeneity at 
low redshift (see for instance, Mannucci et al. (2006); Sullivan et al. (2006); Schawinski (2009); 



Brandt et al. (2010)). 




Time after star formation (yr) umimum time deioy (Gyr) 



Figure 1.4: Left: The Delay Time Distribution (DTD) for a two-channels scenario, in which 
the contribution of a prompt and a long channels are equal, from Mannucci et al. (2006). Right: 
Observed DTD for a sample of local late-type SN la host, see Perlmutter et al. (1997) 
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Another property of the progenitor that might affect the SNe la properties is the metal- 
hcity of the progenitor. Indeed, the peak luminosity is proportional to the amount of ^^Ni 
produced during the explosion ( Arnett||1982 Nadyozhiiil|1994 Pinto k. Eastman||2000 ) . Accord- 
ing to Umeda et al. (1999), progenitors with low fraction of carbon lead to fainter SNe la. In a 



theoretical work, Timmes et al. (2003) concluded on the existence of an inverse linear relation 
between the intensity of the peak brightness and the metallicity of the progenitor. According to 
this work, metallicity variation from a progenitor to another can explain a scatter of 25% when 
assuming the metallicity range see in the sun neighborhood. However other simulation do not 
agree with these conclusions and the dependence of the SNe la properties on the metallicity of 
the progenitor is still an open question (Bravo et al. 2010; Dommguez "etar][200T|>. 



1.3.2 Impact of progenitor properties on cosmology 



As already described, theoretical explosion models suggest that WD properties, like age and 
metallicity, may significantly influence the SN la peak luminosity, a crucial parameter in cos- 
mology with SNe la. Observations of high-z redshift galaxies show that their global properties. 



as the star formation rate, age of stellar population and metal content (Guzman et al. 1997 



Buat et al. 


2008 


Rodrigues et al. 


2008 



time. Any explosion or progenitor parameters that correlate with redshift (age, metallicity, pro- 
duction channel) will bias the determination of the cosmological parameters derived from SNe 
la. Drell et al. (2000) have explored the influence of an evolving luminosity peak with redshift 
on the determination of the cosmological parameters. They show that the determination of the 
SNe la evolution and the cosmological parameters is degenerated. To break the degeneracy, the 
dependence of the supernova properties on the progenitor properties, explosion mechanisms and 



possible evolution with redshift have to be completely understood. For instance, Hoeflich et al 



( 1998 ) point out that a change if metallicity (C/0 ratio) by a factor of three leads to an exchange 
of the peak magnitude by ~ 0.3 mag. This value is comparable to the effect of changes in JIm; 



J7a parameters for SNe la at z>0.5. However, Dommguez et al. (2001) found an upper limit of 



0.07 mag for the dependence of SNe la magnitude on the progenitors metallicity for z<0.02. The 
measurement of the slope of the residuals in the Hubble diagram as a function of metallicity for 
a large SNe la data set is of crucial importance to reveal the physics of the explosion and to 



control possible systematics (Bravo et al. 2010). 



1.4 Sne la Host galaxies 

Type la Supernovae are rare events and their progenitors are difficult to identify. One approach 
to indirectly study the properties of SN la progenitors and their effect on the properties of SN la 
is through the analysis of the host galaxies. In the last years, several groups have been studying 
the correlations of the host properties with the SN la Hubble diagram residual. 



1.4.1 The impact of the host metalHcity 

The metallicity of the host might be correlated to the metallicity of the progenitor and thud 
affect the luminosity of the SN la. Different authors have made different prediction based on 
model (iHoeflich et al.||1998t iBravo et all 120101) or data (IGahagher et al.||2005l ?; iNeih et al. 



2009). The effect of the age and metallicity are difficult to disentangle because both properties 



may affect the explosion. 
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1.4.2 The impact of the age of stehar population 



There are observational evidences that the morphology of the host correlates with the peak 
luminosity of the SNe la (Hamuy et al. 1996 Sullivan et al. 2003). Fainter events are found 
in early-type galaxies while late-type and irregular galaxies host more bright SNe la. The 
correlation with morphology is strongly connected to the stellar content of host. Early type 
galaxies are composed by old stellar population and host almost no star formation activity 
(Howell 2001). Such observations suggest a long delay channel as the most probable scenario 
for SNe la in early type galaxies. One the other hand, late-type galaxies host star formation 
activity and a large amount of young stars, which suggest a prompt delay channel. The SN la 
rate per unit of stellar mass is strongly correlated with the host specific SFR. SNe la are ten 
times more frequent in star forming galaxies than in more quiescent hosts ( Mannucci et al.|2005 



Sullivan et aI]|2006D . In passive galaxies, the SN la rate is linked to the stellar mass of the host. 



1.4.3 Evidence for a two channel production of SNe la 

The observations suggest the following: a SN la might result from one of the two different 
explosion channels, see table |1.1[ If so, the prompt time delay channel is associated to star 
forming environment, giving origin to the brightest events. In this case, the explosion rate 
is dependent on the star formation rate of their hosts and thus may be correlated with the 
current number of WD. On the other hand, the long delay channel is associated with old stellar 
population in early type galaxies. Their explosion rate is correlated to the stellar mass of the 
host and thus to the cumulative number of produced WD. 



Property 


Prompt channel 


Delayed channel 


Time delay 


~600Myrs 


2-4Gyrs 


Host galaxy 


Late- type 


Early-type 


Stellar population 


Young 


Old 


Rate explosion 


SFR 


^stellar 




just formed WD 


cumulative WD 



Table 1.1: Observed properties of prompt and delayed SN la channel. 



As the SFR strongly evolves with redshift, the contribution from each evolutionary channels 
can probably change with redshift. A large number of prompt delay SNe la is expected to be 
observed at high-z redshifts, while long delay SNe la should decrease with increasing z. Accord- 
ing to Hopkins &: Beacom (2006), the crossover point between the two channels is expected to 
be around z~0.5-0.9, see fig 1.5 However, no evidence for brighter SNe la has been observed in 
the distant Universe. 



To date no progenitor of a SN la has been identified and/or observed and information about 
the SNe la progenitors can only be obtained indirectly. One promising route to study the SN 
progenitors is through the analysis of their host galaxies using 3D spectroscopy, e.g. similar to 
the [Christensen et al.| ( |2008| ) studies of the host GRB 980425/SN 1998bw. In fact, previous 
studies on metallicity and stellar population of host galaxies were based on global properties 
( Gallagher et al.||2005 2008 Howell et al.||200"9 ). The results are inconclusive and contradictory. 
And, as it is well known, the properties of the gas and stellar population can vary considerably 
radially (MacArthur et al. 2009). It is thus very important to compare the global properties of 
the galaxy to the local properties. Eventual differences between global and local can be a source 
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Prompt 



DelayeS"- 



15 

RedsliHt 



Figure 1.5: From Sullivan et al. (2006). Contribution of the prompt and delayed channel as a 
function of the redshift. The crossover point between the two channel is expected to be around 
z ~0.5-0.9 



of systematic errors if the luminosities of supernovae used in the Hubble diagram are corrected 
using the global characteristic of the host. To clarify this aspects I am participating in a large 
project to study hosts of SN la as will be explain in the next chapter. 
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IFS observations of SN la hosts 
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This study is the result of the collaboration between my two hosting institution CENTRA- 
Lisbon and GEPI-Paris. The team is compounded by A. M. Mourao and V. Stanishev from 
CENTRA and H. Flores from GEPI and myself (CENTRA & GEPI). We have combined the 
two main competence of the two labs, namely observational cosmology with SN la in CENTRA 
and the observations of galaxies in GEPI, into a synergy project for the study of SNe la hosts 
and the properties of the SN environment. We aim to perform a large survey study of local 
SNe la hosts. In this chapter, I present the results of the pilot observational run carried out 
with PPAK/PMAS integral field spectrograph at Calar Alto observatory in November 2009. 
My role in the team is to produce and interpret the maps of the physical properties of galaxies 
(extinction, metallicity, ionization parameter, stellar population, etc..) from the reduced data 
cube or/and emission line flux maps. 

2.1 Designing a large survey for hosts of SNe la 
2.1.1 Science goals 

The aim of the large survey for SNe la hosts is to use 3D spectroscopy at intermediate spectral 
resolution to study the properties of the gas and the stellar populations of a sample of about 50 
galaxies hosting well-observed SNe la. Only galaxies in the Hubble flow with redshift z > 0.02 
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have been selected in order to minimize the effect of pecuhar motions. We have selected galaxies 
hosting well-studied SNe la, with good photometry coverage before and after the maximum. 
The two main objectives are: 

• to study the effect of the metallicity and age of the local stellar population on the SN 
luminosity. The deviation of SNe from the best fit Hubble diagram will be correlated to 
the properties of the local environment. Such a correlation, if exists, will help to further 
improve the use of SNe la as distance indicators; 

• to use the properties of the local SN environment (gas and stellar population properties) 
to put constrains on the nature of SNe la progenitors. 

Previous studies on metallicity and stellar population of host galaxies were based on global 
properties, e.g. SED fitting to board- band photometry (Sullivan et al 



2009; Neill et al. 2009) or integrated galaxy spectra (Gallagher et al. 2005 



2006 



Howell et al. 



2008). It should be 



emphasized that the properties of the gas and stellar population can vary radially (MacArthur 



et al. 2009). This survey will allow to explore directly the infiuence of the local properties on 



SNe la for first time. 

The following properties of the host will be derived from the integral field spectroscopy 
observations: 

• Maps of the gas properties: From the emission lines we will produce maps of the extinction, 
electronic density, star formation rate, ionization parameter, electronic temperature and 
abundances of several elements (O, N). We will also search for traces of star formation 



activity at the position of the SN. Mannucci et al. (2005) suggested that half of the SNe 



la come from young progenitors (< 0.1 Gyr). Therefore, it is very likely that recent active 
star formation took place in the immediate vicinity of the SN. This may be detected by 
the presence of Ha emission at the SN position. 

• Maps of stellar population: Combining semi-empirical stellar population synthesis code 
( [Bruzual Chariot |[2003{ [Maraston et al.||2006[ |Cid Fernandes et al.|[2005| ) with the mea- 
surement of absorption lines we will produce maps of the age, stellar extinction and metal- 
licity. 



2.1.2 Sample selection 

We have carefully selected our targets from a sample of galaxies that hosted well-observed SNe 
la for which the important parameters like luminosity, intrinsic color indices, luminosity decline 
rates and deviation from the best fit Hubble diagram can be accurately measured. We also 
require the targets to be in the unperturbed Hubble flow (z > 0.02) in order to minimize the 
effect of peculiar motions. From this large pool of well-observed SNe we have selected a primary 
list of about 100 galaxies with Declination> 4° (visible in northen hemisphere observatories). 
The list is available at the following URL: http://centra.ist.utl.pt/ ~vall/sn_hosts/sneia_hosts 
2010. php and includes link to NED and information about the SN, see Fig |2.1[ These galaxies 
were carefully examined and selected to be nearly face-on in order to minimize the projection 
effects when correlating the SN and its host galaxy properties. We plain to observe around 
50 galaxies in the next years using integral field spectroscopy instruments, such as PMAS at 
CAHA, ARGUS at VLT, Sparse at Wisconsin Observatory. Moreover, the team is part of the 
proposed CALIFA Legacy Survey (PL Dr. Sebastian Sanchez). CALIFA is an ambitious project 
to observe about 500 galaxies at redshift z ~ 0.02 with PMAS/PPAK, a wide-field IFS, over 3 
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SN la host galaxies 

Galaxies with De€l.>44 deg 

The links in the Supernova column point to pages that show 2x2 arcrain cutousof the coloi SDSS imancs (if av ail able J, 2x2 arcmin cutous of the color DSS images and images with the SN visible. 
The link; in the Host galavir' column point to the NED page i of the correspond i|;n galaxy. 
The proprity column: 

i) the first digit marks the priority from point of view of the host galaxy; ■ higher priority; 1 ■ lowerpriority.51T ■ marks SNe la that belong to the so-e.alled QlT-like stib-cl ass. There are 
speetroseopicaly defined subgroup that is also slightly over-lurjiinotis than the normal SNe la. In our list 9 IT-likes have priority 0. 

ii) the letter g orm qtianifies the quality of the available light curves of the S^N. g -good.m ' meditim 
In stjmnraryH our priority order is: Og [incl,91Tg).0m, Ig and Im 



The tai^gfitsthat arc visible Ji]ly 2010 and and November 2010 can be seen here and here, respectively. 
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Figure 2.1: Screenshot of the SN la host webpage. 



years and our SN science case is included as sub-project. The CALIFA sample includes some 
galaxies that hosted supernovae (of any kind) which will complete our sample. 



2.2 PPAK observations 
2.2.1 Observational setup 

We have undergone a pilot observational run of 2 nights using the Postdam MultiAperture Spec- 
trophotometer (PMAS) in PPKA mode mounted at the 3.5m telescope of the Observatorio 
Astrondmico Hispano Aleman Calar Alto (CAHA). PMAS is an integral Field Spectroscope 
that can operate in two modes with a with a fiber-coupled lens array (LArrn mode) and a fiber 
bundle IFU(PPAK mode). In the PPAK mode, the IFU is a hexagonal packed fiber-bundle 
composed by 331 science fibers, 15 calibration fibers and 36 sky fibers located at about 80" 



from the center, see the configuration of fiber in figure 2.2 The IFU covers a hexagonal field of 
view of 74 x 65 arcsec^ with a spatial sampling of 2.7" per fiber. We have used PMAS/PPAK 
with the V600 grating to obtain medium-resolution spectroscopy (~5.7A spectral resolution) 
of the SNe la host galaxies. This grating allows us to cover the spectral range 3700- 7000 A 
required to fulfill the scientific goals. As it can be seen in fig |2.2[ the PPAK IFS does not 
cover continuously the field of view: there are spaces between the fibers. In order to have a 
full and uniform coverage, we have observed each galaxy using a dithering pattern of 3 point- 
ings. The full description of the dithering procedure can be found in the PMAS cookbook 
{http://www. caha.es/sanchez/pmas/index.html). 
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Figure 2.2: Geometrical layout and size of the central hexagonal IFU (331 fibers) and six surrounding 
sky fiber bundles (each consisting of 6 fibers). Only open plot symbols are optically active fibers, filled 
circles are indicating auxiliary fibers which were employed in the manufacturing process for mechanical 
reasons. Note that contrary to the lens array, which provides a contiguous spatial sampling with negligible 
edge effects between adjacent lenses, the PPAK bundle has gaps between each fiber and its next neighbors. 
It is, however, possible to fill these gaps by repeated observations with small offsets (dithering). [From 
PMAS/PPAK webpage] 



2.2.2 Sample 

From the host sample described above, we have selected randomly 6 galaxies visible at CAHA in 
November. The report of observations is shown in table [2?T| In order to detect the low surface 
brightness regions of the galaxies (~21.6 magarcsec^) with a S/N>5 per spaxel at 5000A, we 
have estimated from the PMAS exposure time calculator that exposure times of ~ 30 min were 
needed. Therefore, we have observed each galaxy by three pointings of 30 min each. 



2.3 Data reduction and analysis 
2.3.1 Data reduction 

The data has been reduced using a private IDL software designed by V. Stanishev. The reduction 
procedure included the standard corrections and calibrations for 3D observations, such as: bias 
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Object RA Dec Exposure Date Seeing 



NGC 0976 


02:34:00.02 


+20:58:36.4 


3 


X 


30 


min 


15 Nov 


2009 


2" 


NGC 0495 


01:22:56.00 


+33:28:18.0 


3 


X 


30 


min 


14-15 Nov 2009 


2" 


UGC 5129 


09:37:57.95 


+25:29:39.1 


3 


X 


30 


min 


15 Nov 


2009 


2" 


CGCG 207-042 


08:11:43.48 


+41:33:18.5 


3 


X 


30 


min 


15 Nov 


2009 


2" 


NGC 105 


00:25:16.91 


+12:53:01.4 


3 


X 


30 


min 


14 Nov 


2009 


2" 


UGC 4008 


07:46:38.20 


+44:47:32.0 


3 


X 


30 


min 


14 Nov 


2009 


2" 



Table 2.1: SN la host galaxies observed with PPAK/PMAS at CAHA observatory during the pilot 
observation of 14-15 November 2009. 



subtraction, cosmic ray correction, tracing and extraction, wavelength and distortion calibration, 
sky subtraction and flux calibration, reconstruction of the datacube. The fluxes have been 
calibrated using standard spectrophotometric stars. Each individual science pointing has been 
reduced independently and then combined into a final 3D datacube and finally corrected for 
atmospheric diffraction. According to Roth et al. (2005); Kelz et al. (2006) the final spatial 
sampling of the datacube when using a 3 dithered-pattern is l"xl". However, as the mean 
seeing during observation was 2", we have set the final spatial sampling of the cube to a square 
pixel of 2" X 2" . This operation does not downgrade the spatial resolution since we are limited 
by the seeing and it has the advantage to increase the signal-to-noise in each spaxel. A complete 
description of the data reduction procedures will be available in Stanishev et al. (in prep). 



2.3.2 Analyzing the datacube 

The spectrum of each spaxel is analyzed as the integrated spectra following the method described 



in the Introduction part of this manuscript In good S/N spaxels, the spectrum is composed 
by a continuum component from the stellar populations and an emission line spectrum from 
the ionized gas. Before measuring emission lines, in particular Balmer recombination lines, the 
continuum component has to be evaluated and subtracted. Simultaneously, the fitting of the 
stellar continuum with semi-empirical models provides the composition of the stellar populations 
-mean stellar age and metallicity, star-formation history. 

The datacubes have been set to rest-frame and corrected from the galactic extinction. In 



table[2^the redshift and E(B-V) ( [Schlegel et al.|1998[ ) for the six SNe la host galaxies are given. 



Host 


z 


E(B-V)Ga« 


SN 


RA 


DEC 










offset 


offset 


NGC 0976 


0.014327 


0.110 


1999dq 


-5.1 


-6.0 


NGC 0495 


0.013723 


0.072 


1999ej 


+17.7 


-20.1 


UGC 5129 


0.013539 


0.022 


2001fe 


-12.8 


+2.2 


CGCG 207-042 


0.031592 


0.046 


2006te 


-7.3 


-1.7 


NGC 105 


0.017646 


0.073 


2007A 


-3.7 


+11.1 


UGC 4008 


0.031584 


0.047 


2007R 


-10.1 


-9.9 



Table 2.2: SN la host galaxies 



The reader is referred to this section for a detail description of the methods used 
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Continuum subtraction 

As the fitting of the continuum is time-consuming, we have only fitted the spaxels with a S /N in 
[4730-4780] A continuum higher than to 5. Below this S/N, the physical properties derived from 
the fit are no more trustable ( Cid Fernandes et al.|[2005 ) and the underlying Balmer absorption 
is negligible. Each individual rest- frame spectra has been fitted with the Starlight software (Cid 
Fernandes et al.|2 005) using a base of 3 metallicities x 15 ages templates from Chariot Sz Bruzual 



(in prep, hereafter CB07), see fig. 2.3 The new models of CB07 use the stellar library of MILES 



( Sanchez-Blazquez et al. 2007) which have the advantage to not be affected by the same flux 



problem around the H(3 lines as the previous Bruzual & Chariot (2003) models, see Introduction 
part section 3.2.1. The regions with emission lines, strong sky lines and the red-end of spectre 



have been masked during the fit. The continuum has been subtracted in each spaxel spectrum 
which verify the S/N condition. 
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Figure 2.3: In black, the spectrum from a spaxel of the SN 2007R host. In red, the synthetic continuum 
spectra estimated from the semi-empirical models of Chariot & Bruzual using the MILES stellar library 
(CB07). 



Measuring emission lines 

Due to the large amount of spectra per galaxy (~ 600), we have measured the emission lines with 
an automatic routine. A complete description will be provided in Stanishev et al. (in prep). 
Briefly, the IDL-based software fits each line by a single gaussian distribution + a pseudo- 



continuum, using the minimization algorithm MPFIT (Markwardt 2009), and provides the 
central wavelenght Xcenter, sigma aum and total flux of the line. The flux uncertainty of the emis- 
sion lines is estimated by propagating the uncertainties on the flux and on the fitted parameter 
{^center, o'une, level of the pseudo-continuum) . Each line has been visually checked. We verify 
in several spaxels that our automatic measurements were consistent with manual measurements 
using the SPLOT/IRAF routine. 

^^The red-end of the PPAK spectra is affected by vigneting and the low efficiency of the detector at these 
wavelengths 
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Only lines with spectral S/N > 6 have been considered as detected. The spectral S/N is 
defined as the ratio between the total flux in the line i^/me and the noise in the pseudo-continuum 
cr (Flores et al. 2006). The S/N is normalized by the number of spectral resolution elements N 
in which the emission line is spread {Sanne from the Xcenter)- 



< S/N >-- 



line 



(2.1) 



2.3.3 Deriving physical properties from 3D datacube 
Spatially resolved and integrated informations 

With the 3D datacubes, we are able to measure the properties of the stellar population and of 
the ionized gas in each spaxel and to produce 2D maps of these quantities for each galaxy. The 
2D maps allow us to study the spatial variation of the properties of the galaxies and to probe 
directly such properties in the region of the SN la. 

One of the main goals of this study is to compare the properties of the host, as derived 
from the integrated spectroscopy, to those derived from spatially resolved spectroscopy. For this 
purpose, we have produced for each galaxy, 2D maps and for comparison the following integrated 
spectra: 

• integrated spectrum in a central aperture of 3 arcsec. We have summed the spectra of the 
spaxel localized within 3 arcsec of the center of the galaxies. This condition corresponds 
to the SDSS spectroscopy: 3" aperture spectroscopy of the center of the galaxy light 
distribution. 

• integrated spectrum of the all galaxy from the sum of all spaxel spectra. This simulates an 
observation of the same galaxy with long-slit spectroscopy as happens with high redshift 
galaxies. 



Properties of the ionized gas 

The study of the emission lines allows us to derive extinction, star-formation rate, presence of 
shocks, electronic densities, metallicity of the ionized gas. The full description of the method 
used in the derivation of the physical properties of the ionized gas can be found in Part I Chap. 
2. Briefly, I remind the methods and calibrations used to measure the following properties: 

• Extinction. The extinction in V-band, Ay, is derived from the flux ratio Ha/H/3 using 



the Balmer decrement method (Osterbrock 1989) and assuming a Cardelli et al. (1989) 
extinction law with Ry =3.1. 

Source of ionization. Some diagnostics, as the strong lines method to derive metal- 
licity, cannot be applied if the source of ionization is not exclusively arising from the 
stellar radiation. For this reason, we use the diagnostic diagram [OIII]AA4959, b^QT /Hp vs 
[NII]A6584/i?;3 dVeilleux Osterbrock|1987l|Kauffmann et al.|2003a| ) to search for possible 
AGN contamination and spatial variations of the ionization parameter. Spaxels which fall 
in the AGN area of the diagnostic diagram have been excluded in the derivation of the 



metallicity maps. We use the delimitation of Kauffmann et al. (2003a) and Kewley et al. 



(2001). 



Shocks. We search for the presence of shocks by the detec tion of the 01 630 0A line and 
the diagnostic diagram [OII]A3727/i?/3 vs 01 A6300A/iJ/3 (jPesen et al.||l985). 



197 



Chapter 2. 



IFS observations of SN la hosts 



Star formation rate. The SFR has been derived from the flux of the Ha line corrected 



for extinction. We use the calibration of Kennicutt ( 1998 ) between the luminosity of the 
Ha line and the SFR. 

Presence of Wolf-Rayet stars. The presence of Wolf-Rayet stars can be detected by 
the detection of two emission features characteristic of these very young a nd massive stars: 
a blue bump at 4600-4680A (Allen 1976) and a red bump at 5650-5800A (|Kunth fc Schild 



1986). 



In order to compare with previous studies, I have derived the oxygen abundance, log{0/H) + 12 
using several calibrations: four strong line diagnostics and the Tg-direct method, namely: 

• Metallicity from i?23- Strong line method based on the -R23 parameter defined as the 



ratio ([OII]A3727+ [OIII]AA4959,5007)/i7/3 (Pageletal. 1979). I have used the Kobulnicky 



calibration which account for the ionization parameter and the popular Tremonti et al 



(2004) calibration. However, these diagnostics are quite sensible to extinction due to the 



large distance in wavelength between the [OII]A3727A and the [OIII]A5007A lines. 
Metallicity from N2. Strong line method based on the A^2 parameter defined as the 



ratio [NII]A6584/i7a ( Storchi-Bergmann et al. 1994). We applied the Pettini & Pagel 



( 2004| ) calibration between A'^2 and log{0/H) + 12. The diagnostic is almost not affected 
by extinction due to the close vicinity of the two lines, but it has the disadvantage to 
saturate rapidly at over-solar metallicities, see Introduction part chapter 1. 



• Metallicity from 03N2. We use the 03N2 parameter defined as 

[Om] A5007/F/3 



03N2 = log 



[A^/I]A6584/[0//]A3727 



(2.2) 



by Dopita et al. (2000) and the calibration of Pettini & Pagel ( |2004 ). This diagnostic has 
the advantage to involve ratios of close lines, [OIII]A5007/i?/3 and [NII]A6584///a, and 
thus is almost not affected by extinction. 

• Tg-direct method. In the cases where [OIII]A4363A is detected, we have derived the 
metallicity directly from the electronic temperature, using TEMDEM IRAF routine. 

The uncertainties on these quantities have been derived by propagating the uncertainties on the 
measurements of the line fluxes. 

Properties of the stellar component 

The properties of the stellar components have been derived from the results of the continuum 



fitting given by the Starlight software Briefly, the mean stellar age and metallicity, extinction, 



stellar mass and a first guess of the velocity field have been derived following Cid Fernandes et al. 



(2005), as described bellow: 



The mean light-weighted stellar age < Logt^, >l- This quantity is very sensitive 
to the presence of young and massive stars in the galaxy since these stars are the main 
contributors of the light at optical wavelengths. Low values of < Logt^, >l indicate for 
recent star- formation episodes, while high values reflect the presence of very old stellar 



^See Chapter 6 for a complete description and discussion of the hmitation of the method. 
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population without any recent star- formation burst. The mean hght-weighted steUar age 
is derived from the Ught-fraction population, Xj, and the respective age of the stellar 
population of the model templates, by: 



N* 



< Logti, >L= Xjlogt 



(2.3) 



The mean light- weighted stellar metallicity < Log >l. This quantity traces the 
metallicity of the more recent and luminous stars. As the mean light-weighted stellar age, 
the mean stellar metallicity can be measured from the metallicity of the stellar population 

Z. 



< Log ti, >L= X! ^i^°9 ^^j- 



(2.4) 



Stellar extinction, Ay^. The stellar extinction derived by the Starlight software corre- 
sponds to the global extinction inferred from the stellar continuum. In some cases, the 
stellar extinction is a none physical negative value. Negative Ay^, occur in old and dustless 
galaxies. It is due to the a-enhancement (a/Fe) in early- type galaxies which is not taken 



into account in the model used in the fit (Mateus et al. 2006) 



Stellar mass. The stellar mass has been derived from the mass- fraction population, /ij, 
and the stellar mass-to-light ratio M^^/Lxq associated to each stellar populations of the 
template base. 



Velocity field and dispersion map of the stellar component. We have also mapped 
the velocity and velocity dispersion of the spectra in each spaxel. The derived velocity and 
a fields are a first approximation and can be compared to the velocity field derived from 
the ionized gas. However, for a more detail study it is preferable to use dedicated software 



such as PPXF from the Sauron team (Cappellari & Emsellem 2004). 



In Table. 2.3, we present the uncertainties tabulated in Cid Fernandes et al. (2005) according to 
the S/N. In this paper, the authors used Monte-Carlo simulations to estimate the uncertainties 
of these quantities depending on the signal-to-noise. 



Quantity 




S/N in 


A = 4020A 






5 


10 


15 


20 


30 


log 


0.11 


0.08 


0.06 


0.05 


0.04 


< log t-y >L 


0.14 


0.08 


0.06 


0.05 


0.04 


< log >L 


0.15 


0.09 


0.08 


0.06 


0.05 


Ay^ 


0.09 


0.05 


0.03 


0.03 


0.02 




17.73 


8.55 


5.92 


4.23 


2.81 




24.32 


12.36 


7.71 


5.73 


3.78 



Table 2.3: Uncertainties on the properties derived from the stellar continuum fitting, according to Cid 



Fernandes et al. ( 2005 ) 
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2.4 Example of an individual study of a SN la host: NGC 976 

In this section, I give the example of the prehminary study of the spiral galaxy NGC 0976, host 
of SN1999dq. The complete study of this galaxy and of the other galaxies of the sample is 
currently in progress. 

The supernova SN1999dq has been discovered on the 2th of September by W. Li (see lAU cir- 
cular n°7247). This SN la is located at AR=-5.1 DEC+-6.0 from the galaxy center (02:34:00.02 
+20:58:36.4). 

Morphology 

The NGC 0976 is a spiral galaxy with a small inner ring. It is classified as a Sc galaxy in the 
Hubble classification ( Jha et ar]|2006 ) and a Sa(rs)c in De Vaucouleurs classification. The color 
image of NGC 976 from the SDSS is shown in fig j2.4[ The field-of-view of the PPKA observation 
is delimited by a orange line. The inner ring is visible at less than 5" from the red bulge. 




Figure 2.4: Color image of NGC 0976 from SDSS. The field-of-view of PPAK is represented by a orange 
hexagon. 



Kinematics 



In fig 2.5, I show the velocity fields of the ionized gas derived from the Ha line and the velocity 
field derived from the stellar continuum. I have used a S/N cutoff of 10 for the detection of 
Ha line and a S/N> 10 for the stellar continuum in the region [4730-4780] A. The two velocity 
fields are very similar and suggest that the disc of NGC 976 is relaxed. In fig. |2.6| is shown the 
velocity dispersion from the ionized gas derived from the Ha line. The stellar dispersion map, 
not shown here, presents a very similar distribution. The central peak is due to the presence of 
the bulge. The external peaks coincide with the inter-arm regions and can be an artifact effect 
due to the lower signal-to-noise of the spectra in those regions. A detailed study based on bulge 
dispersion models is needed in order to detect a possible increase on the gas dispersion induced 
by the SN la explosion. 
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Figure 2.5: Stellar and ionized gas velocity field, only spaxels with S/N >10 are presented. Left: Ha 
velocity field. Right: stellar velocity field. 




Figure 2.6: Velocity dispersion from ionized gas derived from the Ha line. 



Extinction 



Fig. 2.7 shows the interstellar extinction map from the Balmer decrement (left) and the stellar 



extinction derived from the fit of the stellar continuum (right). Both maps show a gradient of 
the dust content, with higher extinction in the central region. The blue ring have the higher 
dust content of the all galaxy in both maps. The ring has a larger extinction in the left size but 
it can be due to a projection effect from the galaxy inclination. 



Electronic density, ionization parameter and shocks 



Figure [2^ shows the location of each spaxel in the diagnostic diagram [OIII]AA4959, 5007/i7/3 
vs [NII]A6584/i?;3 (IVeilleux k Osterbrock||1987[ iKauffmann et al.||2003al). According to the 



delimitation of Kewley et al. (2001) (dot-line in fig 2.8), there is no evidence for the presence 



of an AGN in the galaxy. When considering the Kauffmann et al. ( 2003a ) delimitation (dashed 
line) some regions fall in the composite AGN-SF area. However, these spaxels correspond to 
the outskirt regions of the host which have lower S/N spectra (S/N<15). We are now analyzing 
the data by applying a Voronoi binning ( Cappellari fc Copinj 2003 ) which has the property to 
preserve the maximum spatial resolution of general two-dimensional data, given a constraint on 
the minimum signal-to-noise ratio. We hope with this new method to disentangle between bias 
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IFS observations of SN la hosts 





Figure 2.7: Left: Extinction from the Balmer decrement H/3/Ha. Right: Extinction from tlie fit of the 
stellar continuum. 

and artifacts due to low S/N or real difference of physical properties in these outskirt regions. 




Figure 2.8: Diagnostic diagram showing the delimitations of Kewley et al. (20011 in dot-line and 



Kauffmann et al. (2003a) in dashed-line. There is no evidence for the presence of a AGN. 



Figure 



2.9 



shows the [OII]A3727A/[OIII]A5007A ratio map. This ratio is proportional to 
the ionization parameter and it has the advantage to be less affected by the extinction than the 
[OII]A3727A/NIIA6784A ratio, which is also used in the literature for probing the ionization 



parameter. In figure 2.9 right panel, I present the map of the [SII]AA6716,6731A doublet ratio. 



This ratio is proportional to the electronic density: higher values correspond to lower electronic 
densities. The ring and the spiral arms have the lower electronic densities, N^, ~ 10^ — 10^ cm~^, 
while the bulge and the north inter-arm (between the ring and the first arm) have the higher 
electronic densities A^, 
In figure 



2.10 



> lO'' cm"-^ (Osterbrock 1989). 



left panel, I give the flux map of the [01] 6300A emission line. The presence 
of this line is a good estimation of the presence of shocks in the ISM. The 01 is detected in 
the center and star- forming region (arms and ring). I have also plotted the diagram diagnostic 
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2.4- Example of an individual study of a SN la host: NGC 976 




Figure 2.9: Right: OII/OIII ratio which is proportional to the ionization parameter. Left: The 
[SII] AA6716,6731A doublet ratio. This ratio is proportional to the electronic density, higher values cor- 
respond to lower electronic densities. 



[OI]A6300A/i7/3A vs [OII]A3727A/iJ/3A ratio map which allow to disentangle between 01 lines 
produced in shocks or by the stellar radiation (see left panel of Fig 2.10 ). Some spaxel fall in the 
upper right region of the diagram attesting for the presence of shocks. However, these spaxels 
belong to the outskirt regions and may be affected by the lower S/N. 





Figure 2.10: Left: the [OI]A6300A/i7^A vs [OII]A3727A/ff;3 diagnostic diagram proposed by 



Fesen 



et al. ( 1985 ) to detect shocks in the ISM. Points falling in the area at the right of the de-limitation (red 



dashed line) have shock. All the spaxels with a S/N>10 have been plotted (black circle). Right: The 
flux map of the [01] 6300 A emission line. The presence of this line is a good estimation of the presence 
of shocks in the ISM. The [01] is detected in the center and star-forming region (arms and ring). 



Star formation rate and history 

The SN 1999dq is located in the peak of a star-forming region. 
Metal content 

The metal content of a galaxy can be estimated by measuring the oxygen abundance. The 
several oxygen abundance calibrators that can be found in the literature have all their pros and 
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I 

4 



I. 



Figure 2.11: Left: Ha flux map. Right: SFR from Ha corrected from extinction. The SN is located in 
the star-bursting ring. 



cons. For this reason, I have derived metallicities maps using 3 different caHbrations. In the 
left panel of figure 2.12, I present the 12-|-log(0/H) map derived from the 03N2 parameter and 



the calibration of Pettini & Pagel ( 2004 ) . The regions with higher gas metallicities corresponds 
to the regions with higher star formation. The ring and spiral arms are well visible. The 
high-metallicity region in the south of the ring correspond to the peak of the Ha emission. The 
metallicities range from 8.9 in the inner ring to 8.6 in the outskirts disk. The right panel of figure 



2.12 is the 12-|-log(0/H) map derived from the R23 parameter and the Tremonti et al. (2004) 



calibration. The R23 map is less complete than the 03N2 due to the difficulties on detecting 
the [Oil] lines. The reasons of the none detection in some spaxels may be physical (intrinsic 
luminosity of the line in these regions), but also due to instrumental limitations. Indeed, the 
[Oil] line falls in the borders of the detector and therefore it is affected by vigneting effects and 
by the low efficiency of the instrument at blue wavelength. However, the R23 and 03N2 maps 
show similar trends: the region with higher SFR have higher gas metallicities. The R23 have 
a smaller range on metallicities variations. The difference between the two maps can be due to 
the dependence of the ii23 parameter on the ionization parameter. 





Figure 2.12: Left: 12+log(0/H) map derived from the 03N2 parameter and the calibration of Pettini & 



Pagel (2004). Right: 12+log(0/H) map derived from the R23 parameter and the Tremonti et al. (2004) 



calibration. 
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2.4- Example of an individual study of a SN la host: NGC 976 



The SN la environment 



I have measured the properties of the host in the location of the SN 1999dq and compared it 
with the median values in the host. The deviation from the mean has been calculated following 



the expression proposed by Christensen et al. (2008), written here for the SFR: 



Deviation 



SFR{SNIa)- < SFR > 
a{SFR) 



(2.5) 



where <SFR> is the mean value for the SFR, and o"(SFR) is the standard deviation of the 



regions with a S/N>10. The results are shown in Table 2.4 The properties of the SN 1999dq 
environment do not deviate strongly from the mean properties of the host galaxy. The only 
significant deviation is the one of the SFR: The SNIa is located in the region with more star- 
formation of the all galaxy. 





SFR 


log(0/H)+12 
03N2 


log(0/H)+12 
R23 T04 


Ay 


EQW{Ha) 


Sllratio 


SN position 


0.14 


8.78 


9.05 


2.20 




1.15 






dex 


dex 


mag 


X 




Deviation 


2.95 


1.41 


0.81 

in sigma 


1.48 




0.91 



Table 2.4: Main properties of the host in the region of the SN and their deviations to the mean values 
in the galaxy (with S/N > 10). 



2.4.1 Conclusions 

The pilot observational run of November 2009 has allowed us to collect IFS data for 6 SN 
la hosts. The interpretation of the data is still on progress and I therefore present here a 
preliminary study of one SN la host. This pilot run has allowed us to define a strategy to reduce 
and interpret the 3D data, as well as to investigate the potential of the study of SN la hosts 
with IFU spectroscopy. For instance, it has reveled some unsurprising limitations such as the 
low S /N in the external regions of the galaxy. We are now investigating the use of the Voronoi 
binning method to bin the cube with spaxel of equal S/N. We expect to increase considerably 
the S/N of the outskirt regions and thus derived more reliable parameters from their spectra. 
We are also analyzing the properties of the several regions of the galaxy - arms, ring, bulge - 
and comparing it with those of the SN localization in order to search for systematic deviation 
of the SN environment. Preliminary results on the limited sample of six late- type galaxies seem 
to point out that SNe la occur systematically in region with the higher metal content and star 
formation rate. We are also comparing the properties near the SN la measured from our 3D 
spectroscopy with those that have been derived from integrated spectroscopy (SDSS, Pietro, 
long-slit Gallagher 2006,2008) and SED fitting of aperture photometry. 
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Conclusion and perspective 



'The most exciting phrase to hear in science, 
the one that heralds new discoveries is not 
'Eureka!' (I've found it!), 
but 'that 's funny. . . "' 
Isaac Asimov 



207 



208 



Synthesis of the results 



The crucial importance of methodology 

Along my research on the topic of the physical properties of distant galaxies, I have been con- 
fronted to the critical role of the methodology chosen to derived them. The study of intermediate 
redshift galaxies is frequently conducted in the framework of large surveys such as the CFRS, 
GOODS, zCOSMOS, VVDS or DEEP. They aim to collect a large number of galaxies in order to 
minimize the statistical uncertainty. In return, they tend to rely on low time-consuming obser- 
vations like photometry or low spatial resolution spectroscopy which can be important sources of 
uncontrolled systematic errors. Indeed, reliable estimations of the physical properties of distant 



galaxies can hardly be reached using these kind of data. Liang et al. (2004b) have shown that 
a reliable estimation of SFR, extinction and metallicity requires at least moderate spectral res- 
olution (R>1000). I have confirmed this result with a new set of observations: R23 metallicities 
derived from low resolution spectra (R=250) are overestimated by +0.27 dex. Distant galaxies 
are far more complex than local galaxies, i.e. in terms of morphology and kinematics. Their 
study is at least equally demanding of precise observation strategies than what has been used 
for local galaxies. To better control the biases on the derivation of the physical properties of 
faint and distant galaxies, I have evaluated them with at least two independent measurements. 
Indeed, each measurement can be affected by diff'erent errors which can be of physical nature, 
such as the sensitivity of the method to the star formation history, or due to the measure- 
ment themselves, but a systematic double estimation allowed us to get a better control on the 
systematics. 



Galaxies evolved as closed-box systems during the past 8 Gyr 

In the framework of the IMAGES survey, I have derived the properties of the ISM from integrated 
spectroscopy data of a representative sample of z=0.6 intermediate-mass galaxies. The galaxy 
spectra have been acquired with F0RS2 at moderate spatial resolution (R=1000) and have S/N 
comparable to those of local SDSS. The main results of this study are: 

• The M-Z relation at 2; ~ 0.6 puts on evidence the strong evolution (~ 0.3 dex) of metal 
content in the gaseous phase of galaxies. 

• The M-Z relation at z ~ 0.6 had a larger dispersion compared to the local relation. 

• The gas fraction has doubled from z=0 to z = 0.6. 

• The effective yield of z ~ 0.6 galaxies is concordant with a closed-box model. However, 
small contributions of outflows and infalls cannot be excluded. 

• There are no evidence of outflows in z ~ 0.6 galaxy spectra and therefore, which implies 
that large-scale outflows do not play an important role in intermediate mass galaxies at 
this redshift. 

These observations suggest that the evolution of galaxies is consistent with a closed-box scenario 
in the past 8 Gyr. In other words galaxies evolve simply by transforming their gaseous content 
into stars. Such a result does not exclude external sources of gas but it simply show that they 
are not required to explain the observed evolution. On the other hand, IMAGES has put on 
evidence merger events as a central process of the recent evolution of intermediate-mass galaxies. 
For instance, the large dispersion of the M-Z relation at z ~ 0.6 can be explain by the diversity 
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of galaxy building histories within the framework of a merger scenario. These two apparently 
contradictory observations suggest a disk formation scenario in which local spiral are remnant of 
the major merger between two gas-rich galaxies progenitor &t z ^ 1 — 2. At z=0.6, wc observed 
the final stages of the merger and the relaxation of the remanent which will then evolved secularly 
until today. 

The SFR: a fundamental parameter to constrain the stellar mass 

Stellar mass is one of the most difficult quantity to constrain in distant galaxies. I have imple- 
mented a new method to derive the stellar population and stellar mass by fitting a combination 
of stellar population templates to broad-band photometry. I aimed to break the degeneracies 
inherent to this problem by adding the SFR as a new constrain. The SFR allows us to con- 
strain the number of young stars in the system. However, adding the SFR constraint introduces 
a plethora of local minimum to the minimization problem turning the localization of the best 
solution difficult with conventional code based on the gradient or Hessian function. Therefore, 
I have used a metaheuristic approach, the Swarm intelligence algorithm, to find the global so- 
lution of the optimization problem. The preliminary tests on fakes galaxies are promising: the 
stellar masses are recover within a random uncertainty of ±0.1dex independently of the SFH. 
I have applied this method to two IMAGES galaxies which have been modeled in detail with 
hydrodynamics simulations. I show that the observational constraint given by the composition 
of stellar population is a useful tool to reconstruct the past history of these galaxies. 

High quality sky extraction in fiber-fed instruments 

The study of the evolution of galaxies at extreme look-back time will require observations from 
large surveys of high-z galaxies with a new generation of instrumental facilities, such as the 
European- Extremely Large Telescope (E-ELT). In this framework, I had the opportunity of 
working on the phase-A of OPTIMOS-EVE, a fiber-fed visible-to-near infrared multi-object 
spectrograph design for the E-ELT. My work in the OPTIMOS-EVE consortium was to define 
a strategy to resolve the critical issue of sky subtraction. The currently existing algorithm 
and observation strategy of sky subtraction in fiber- fed instrument can hardly reach 1% of 
accuracy for estimating the sky background, while the EVE science case requires an accuracy 
< 1%. I have developed a new technique of sky extraction based on the reconstruction of 
spatial fluctuations of the sky background (both background and emission). Using Monte-Carlo 
simulations, I have demonstrated that this algorithm can reach an accuracy similar that provided 
by slit spectrographs. This is due to a careful reconstruction of a sky continuum surface as a 
function of wavelength using dedicated sky fibers distributed over the whole instrument field-of- 
view. This makes it possible to interpolate the sky contribution at the location of the science 
channels with good accuracy. Objects as faint as fLya = 1 x 10^^^ ergs/cm? /s and m^cont = 30, 
which fairly represent z=8.8 Lyman-alpha emitters, should be detectable by the IFU mode of 
OPTIMOS-EVE within 40 hours of integration time. 

Host galaxies of SNe la 

During the last decade, SNe la were used as cosmological standard candles. However, subtle 
systematic uncertainties stemming from our limited physical knowledge of SNe la progenitor 
stars are currently the major obstacles to fully exploit the potential of SNe la in cosmology. One 
approach to get new insight into the properties of SN la progenitors is to focus on their host 
galaxies. We have started a project to study SNe la host galaxies in the local Universe using 
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integrate field spectroscopy, in order to derive the properties of the gas and stehar populations 
in the immediate vicinity of the SN la. I describe the results of the pilot observation with 6 
SNe la host carried out with the PPAK/PMAS integral field spectrograph at the Calar Alto 
observatory in November 2009. This data have allow us to produce, for the first time, maps of 
the principal properties of SNe la host, such as the metallicity, extinction, SFR and electronic 
density. I present the preliminary study of SN 1999dq host and show the potential of the study 
of Sn la host with IFU spectroscopy. 



Perspectives 

Investigate the redistribution of gas after a major merger 

The results presented in Part II chapter 4 are in majority not published yet. I am currently 
writing an article on this topic to be summited soon. I will mainly focus on the observed 
evolution of gas fraction and yield. 

In the future, I aim to develop several points of this study. In particular, I am interested in 
the motions of the ionized gas and metal distribution in the remnants of major mergers. Merger 
events induce redistributions of gas &: star, and can power strong star-formation rates. During 
the past years, several authors have investigated the effects of interactions and mergers on the 
chemical content of galaxies. For instance, Rupke et al. (2010) have argued that the low metal 
content found in the nucleus of interacting galaxies is due to radial infiows of low-met allicity gas 
from the outskirts of the two merging galaxies. I have found that the two most under- metallic 
galaxies (compared to the median metallicity at given mass) are probably ongoing mergers. I am 
projecting to investigate more in detail this topic by doing a systematic study of morphologies of 
over- and under- metallic galaxies in the IMAGES sample. Maps of the metal distribution and 
those of other properties of the ISM of distant galaxies will be useful tools to understand the 
redistribution of the matter after a merger in gas-rich systems. Such observations can be done 
using X-shooter/VLT in IFU mode. I am co-I of a project on this topic (Principal investigator 
M. Puech): three z=0.6 galaxies have been observed with X-shooter IFU in november. In 
addition, the motions of the ionized gas kinematics on large scale around ongoing mergers or 
recent remnants can be investigated using the large IFU of VLT/GIRAFFE spectrograph. I 
have already submited several observational proposals (until now accepted but not scheduled) 
to observe the external disks and internal halos up to radii of 50 kpc in actively star-forming 



galaxies at z=0.6-0.7 with this instrument, see Fig. 2.13 

At longer terms, the next observational facilities will allow us to study the physics of LSB 
galaxies. Their high gas fractions and the probable evolution in number density suggest that 
LSB galaxies may play a crucial role in the evolution of galaxies during the past 8 Gyr and even 
more at higher look-backtimes. 



Tracing back in time the star formation history from 7 Gyr to the early Universe 

The preliminary results show that the constrain on the SFR improves the accuracy on the derived 
stellar mass and stellar population in star-forming galaxies. In the next months, I will optimized 
and test the method. I am actually optimizing the parameter of the swarm intelligence algorithm 
to improve its convergence and decrease the execution time. I am planning to realize more test 
using fake galaxies with more complex SFHs, such as model galaxies taken from hydrodynamical 
merger simulations (Wuyts et al., 2009) and to evaluate the uncertainties due to the models and 
observations (Conroy et al., 2009, 2010; Conroy and Gunn, 2010). After the validation of the 
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Figure 2.13: (a) Composite HST/ACS image in V-B-I-Z bands of The Firework galaxy. The white dashed 
square represents the region previously observed with the GIRAFFE IFU. The grid delimit the region 
planned to be observed with the ARGUS IFU. (b) Central part of the galaxy with the GIRAFFE/IFU 
region overplotted. (c) Velocity field (d) cr-map , the dispersion peak is offset from the center of the 
galaxy, (e) S/N map for the GIRAFFE pixels. 

method, I will applied it to the IMAGES galaxies in order to derivate their star-formation 
history. It will allow us to constrain the evolution of the star formation rate density from 7 Gyrs 
to the early universe. Complementary studies with other photometric galaxy samples are also 
planned. 

A new sky subtraction algorithm for fiber-fed spectrographs 

The tests realized on the A — A sky reconstruction method to subtract sky light in fiber-fed 
spectrographs give very promising results. They show that this new technique can overcome 
the apparent limitation of fiber-fed instruments in recovering with high accuracy the sky con- 
tribution. If OPTIMOS-EVE was accepted for a phase B, my work on the next months on 
this topic would be to implement and optimized the algorithm in the data-reduction pipeline of 
OPTIMOS-EVE. Tests on real data with existing fiber-fed instrument, such as VLT/GIRAFFE 
and Caha/PKAS, are also planned. Independently of the acceptance of OPTIMOS-EVE for a 
phase B, I want to create a user- friendly interface for the sky-subtraction algorithm and adapt 
it to reduce data from several fiber-fed spectrographs. This software will be make public. 

Define strategy and tools for 3D surveys of SN la host 

As commented previously, the CENTRA-GEPI project on study of hosts of type la supernovae 
is in the first stages of realization. The data from the pilot observations in November 2009 has 
been crucial to establish a strategy to reduce and interpret the 3D data in view of the arriving 
data from the CALIFA survey. In the next 3 years, the CALIFA large survey at Calar Alto 
observatory will provides us with IFS data for approximatively 50 SNe la hosts and thus provide 
a sufficient number of hosts to deliver confident conclusions on the systematics induced by the 
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SN la progenitors on the derivation of cosmological parameters. 
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2. Liang, Y. C; Hammer, F.; Yin, S. Y.; Flores, H.; Rodrigues, M.; Yang, Y. B., 2007, A&A, 
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temperature" 
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" The Wolf-Rayet features and mass-metallicity relation of long- duration gamma-ray burst 
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